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PREFACE 

This text is designed to present in logical order the fundamental 
principles dealing with the subject of the compression of air, and its 
transmission through ducts or pipes, together with such examples as 
will serve to illustrate their application. 

It is hoped that the presentation will make clear the methods to 
be followed in calculations dealing with air at various pressures, 
and that students and engineers will be better able to appreciate the 
advantages and limitations of the various systems of securing the 
pressures desired, and of using air as a means of transmitting energy, 
or for securing certain results which cannot be obtained under 
normal atmospheric pressure. 

The material offered consists of notes used for a number of years 
by the author in his classes. He wishes to acknowledge his indebt- 
edness to the many excellent texts on the subject which have been 
published, notably those of Richards, Saunders, Hiscox, Harris 
and Peele. 

The fundamental formulae are to be found in most texts on Thermo- 
dynamics for Engineers. The author is particularly indebted to 
Prof. C. H. Peabody's text on this subject, and to the lectures of 
F. W. O'Neill, F. D. Longacre, H. deB. Parsons and F. W. Towl, 
given at Columbia University in a course on Applied Thermo- 
dynamics of Air Compressors. The material on turbo-compressors 
is taken from articles on this subject in recent numbers of the 
Engineering Magazine by Franz zur Nedden. Permission to use 
this material has been courteously granted by these authors and their 
publishers. 

The author is also indebted to the editors of Compressed Air 
Magazine and to various manufacturers for cuts, and to his col- 
leagues, particularly Prof. A. G. Christie and Mr. W. C. Rowse, for 
assistance in preparing this text. 

H. J. T. 

Aprily 1913. 
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INTRODUCTION 

HISTORICAL ACCOUNT OF MECHANICAL USES OF AIR 

The earliest writings describing mechanical uses of air are found 
in a book entitled "Pneumatics" by Hero of Alexandria, published 
about zoo B. C. An English translation of this by Bennet Wood- 
croft indicates a very complete knowledge of many mechanical 
devices possessed by the Ancients, and shows various pumps, 
Hero's steam turbine and many remarkable uses of air as a means of 
transmitting energy. 



Fig. I. — Hero's device for opening temple doors. 

One of the most interesting illustrations is a device for opening 
temple doors by fire on an altar illustrated in Fig. i. The altar, 
E is hollow and a tube F passes through the altar and is attached 
to a leather bag, K. Beneath this a small weight L is suspended 
which is connected to the bag and to the pivots of the temple doors 
as shown. Weights L and B are so proportioned as to normally 
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close the doors. When a fire is lighted on the altar, the bag K 
will expand under the pressure of the heated air below the altar and, 
in doing so lift the weight L, Weight B then falls and causes the 
doors to open. If the fire is extinguished, the air under the altar 
will cool, contract, and the bag K will take the position indicated 
and weight B will be dropped, causing the doors to close. 

A somewhat similar device is also described in the same text 
using heated air under a similar altar to force water from one cham- 
ber into a pail, thus counterbalancing the weight and causing the 
temple doors to open. Many automatons are also described, in 
which air is made use of to produce musical notes and cause water to 

flow from vessels or objects when certain changes in 
the mecj^anism take place. 

A very interesting experiment, illustrated in most 
texts on physics, called "Hero's Fountain" and in- 
vented by the author of the book "Pneumatics," 
consists of two globus, Fig 2, M and N, and a brass 
dish, D. The dish D communicates with the lower 
part of the globe iV by a tube B and another tube A 
connects the two globes. A third tube passes through 
the dish D to the lower part of the globe M, This 
tube having been taken out, the globe M is partially 
filled with water, the tube is then replaced and water 
is poured into the dish. The water flows through 

Pj^ 2 TT J. , the tube B into the lower globe and expels the air 

fountain. which is forced into the upper globe. The air being 
compressed acts upon the water and makes it jet out 
as shown. If it were not for the resistance of the atmosphere and 
friction, the liquid would rise to a height above the water in the dish 
equal to the difference of the level of the water between the two 
globes. 

Although a knowledge of this wonderful method of transmitting 
energy has been known for centuries, it is only within comparatively 
recent years that it has been used to any considerable extent in 
practical work. Its modern use dates from the construction of the 
Mt. Cenis tunnel completed in 1871. The work on this tunnel, 
which is about 8 miles long, had progressed very slowly from 1857 to 
1861, the tunnel headings having been drilled by hand labor with 
an average advance in each of the two headings of about i 1/2 ft. 
per day. Machine drills driven by compressed air were introduced 
and the speed rose to 4 3/4 ft. per day, and later when dynamite was 
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introduced, the cut was increased to 6 ft. per day. Sommeiller 
deserves the honor for solving, in this work, many of the initial 
problems of compressed-air production and use. The type of com- 
pressor used is illustrated in Fig. 3. A natural supply of water 
was used for compressing the air. The water was conducted in a 
sluice A through a valve C, compressing the air which is in D and 
forcing it into the reservoir E, When this was done the valve C 
was automatically closed and the water in D allowed to escape and 
be replaced by a new supply of air at atmospheric pressure. This 




Fig. 3. — Sommeiller's compressor. 



was in turn compressed and forced into the reservoir E, giving not 
a continuous but an intermittent flow of air. This compressor 
furnished air at 80-lb. pressure, but only gave an efficiency of 50 
per cent., that is, only one-half of the available energy was turned 
into useful work. 

Although the value of compressed air for machine drills for tunnel 
work was clearly demonstrated in the building of Mt. Cenis tunnel, 
it was some time before this was applied to mining work. One of 
the earliest tests for mining work was made at the Calumet and 
Hecla copper mine in Michigan in 1878, and the advantages in lower 
costs and higher speeds were so clearly demonstrated that its use 
for this work has since become almost universal. 

One of the most important of modern applications of compressed 
air is to be found in the braking of trains. George Westinghouse, 
in 1869, designed his first "straight air brake,'' which was later 
changed to the "automatic" type of air brake. This apparatus has 
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been improved and perfected to such an extent that its operation is 
truly marvelous and its application world wide. 

Railroad men were among the first to appreciate the uses of com- 
pressed air in shop and structural work, and its application to 
manufacture and other allied arts has since become so universal 
that a mere recital of the modern applications of compressed air 
would become tedious. One of the largest manufacturers of air 
compressors has recently published a partial list of various ap- 
plications of compressed air for which they have furnished compres- 
sors. This list includes over sixty different industries, with a great 
many different uses of compressed air in each. 

While compressed air has many advantages over other systems 
of transmitting energy, it has also certain disadvantages and limita- 
tions which should be clearly understood. In order to appreciate 
these, it is necessary to study in detail the nature and characteristics 
of air and the fundamental principles governing its generation, 
distribution, and application. 
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CHAPTER I 

CHARACTERISTICS OF AIR 

Air, — Air is a mechanical mixture of several gases, principally 
oxygen and nitrogen, its average composition by volume being as 
follows: 

Nitrogen 78. 49 

Oxygen 20. 63 

Aqueous vapor o. 84 

Carbonic acid gas o. 04 

By weight it contains about 77 parts of nitrogen to 23 parts of 
oxygen. There may be, in addition to the above, local impurities 
in the atmosphere, the principal ones being ammonia and sul- 
phuretted hydrogen. 

The carbonic acid gas arises principally from the respiration 
of animals and the processes of combustion, but, notwithstanding 
the enormous continual production of this gas, the composition 
of the atmosphere does not vary, for plants in the process of growth 
decompose the carbonic acid, assimilate the carbon, and restore 
to the atmosphere the oxygen, which is being continually consumed 
in the processes of respiration and combustion. 

Vapor in Air, — The vapor of water is always present in the atmos- 
phere and when the air contains as much of this vapor as it possibly 
can, it is said to be saturated. 

The amount of vapor present in the air when saturated will vary 
with the temperature, as shown in Table I, taken from the Smith- 
sonian Institution Reports. 
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TABLE I.— GRAINS VAPOR IN i CU. FT. OP AIR SATURATED WITH MOISTURE 

(7,000 Grains ■-Z lb. Avoir.) 



Temp. 






















Pahr. 




z 


2 


3 


4 


5 


6 


7 


8 


9 


^0 


0.481 


0.505 


0.529 


0.554 


0.582 


0.610 


0.639 


0.671 


.0.704 


0.739 


10 


0.776 


0.816 


9.856 


0.898 


0.941 


0.985 


1.032 


1.079 


1. 128 


1. 181 


20 


1. 235 


1.294 


1.355 


1. 418 


1.483 


1. 551 


1.623 


X.697 


1.773 


X.853 


30 


1.935 


2.022 


2. 113 


2.194 


2.279 


2.366 


2.457 


2.550 


2.646 


2.746 


40 


2.849 


2.955 


3.064 


'3.177 


3.294 


3.414 


3.539 


3.667 


3.800 


3.936 


SO 


4.076 


4.222 


4-372 


4- 526 


4.68s 


4.849 


5.018 


5. 191 


5.370 


S'SSS 


6o 


5.745 


5.941 


6.142 


6.349 


6.563 


6.782 


7.009 


7.241 


7.480 


7.726 


70 


7.980 


8.240 


8.508 


8.782 


9.066 


9.356 


9.655 


9.962 


10.277 


I0.60Z 


8o 


10.934 


11.275 


11.626 


11.987 


12.356 


12.736 


13.127 


13.526 


13.937 


14.359 


90 


14.790 


15.234 


15.689 


16.155 


16.634 


17.124 


17.626 


18.142 


18.671 


19.21a 



This shows the number of grains of vapor present in each cubic 
foot of air when the air is saturated. As there are 7,000 gr. in a 
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Temperature, Degrees Fahrenheit 
Fig. 4. — Water present in saturated air. 
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pound avoirdupois, these weights can be easily converted into 
pounds. This data is shown graphically in Fig 4. 

Free Air. — Fret air is air at the pressure and temperature of the 
atmosphere. This is a term used extensively in texts on compressed 
air and in rating the capacity of a compressor. 

It can be shown experimentally (Boyle's Law) that if a cubic 
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foot of free air at sea-level (14.7 lb.) is compressed to a pressure 
of 44.1 lb. by the gauge, or 4 atmospheres absolute, and allowed 
to cool to the temperature of the atmosphere, the compressed air 
will occupy one-fourth its original volume; if compressed to a pressure 
of 58.8 lb. gauge, or 5 atmospheres absolute, and allowed to cool to 
the temperature of the atmosphere, it will occupy one-fifth of its 
original volume. 

Figure 4 shows the weight of moisture which may be held in i 
cu. ft. of air at different temperatures, if saturated, and is true 
no matter what pressure the air may be under. 

It is evident then, that if a volume of free saturated air be com- 
pressed into a smaller space and kept at the same temperature, 
part of the vapor it originally contained must be precipitated for 
the reason that i cu. ft. of air at a certain temperature can 
only hold a definite weight of vapor when saturated, whether 
compressed or at atmospheric pressure. 

If saturated air is compressed to 5 atmospheres, or 73.5 lb. per 
square inch absolute, and allowed to cool to atmospheric tempera- 
ture, its volume will be reduced to one-fifth of its original volume 
and I cu. ft. of compressed air will contain the moisture content 
of 5 cu. ft. of free air. 



TABLE II.— POUNDS OP WATER PRECIPITATED PER CUBIC POOT OP COM- 
PRESSED AIR AFTER COMPRESSION AND COOLING OP SATURATED 

FREE AIR (Pressures) 



Temp. 


Ga. 


29.4 


44.1 


58.8 


102.9 


147.0 


Z^7'S 


735 


2205.0 


of 


Abs. 


44.1 


58.8 


73.5 


117. 6 


161. 7 


382.2 


749-7 


2219.7 


air 


Atm. 


3 


4 


5 


8 


II 


26 


51 


151 







.0001 


.0002 


.0003 


.0005 


.0007 


.0017 


.0035 


.0105 


10 




.0002 


.0003 


.0004 


.0008 


.0011 


.0027 


•0055 


.0165 


20 




.0004 


.0005 


.0007 


.0013 


.0018 


.0045 


.0090 


.0270 


30 




.0006 


.0008 


iOOII 


.0020 


.0028 


.0070 


.0140 


.0420 


40 




.0008 


.CX5I2 


.0016 


.0028 


.0040 


.0100 


.0200 


.0600 


50 




.0012 


.0017 


.0023 


.0041 


.0058 


.0X45 


.0290 


.0870 


60 




.cx)i6 


.0025 


.0033 


.0057 


.0082 


.0205 


.0410 


.1230 


70 




.0023 


.0034 


.0045 


.0079 


.0114 


.0285 


.0570 


.1710 


80 




.0031 


.0048 


.0062 


.0109 


.0156 


.0390 


.0780 


.«340 


90 




.0042 


.0063 


.0084 


.0148 


.0211 


.0527 


.1055 


.3165 



(For a further discussion on moisture in the air see Appendix C.) 
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When reduced to the temperature of the atmosphere, the moisture 
held in suspension per cubic foot of the compressed air cannot 
exceed the moisture held in suspension per cubic foot of the free air, 
and in consequence the remaining moisture mil be precipitated. 
This will represent for each cubic foot of compressed air a weight 
of water equivalent to four times the weight held in suspension. 

These weights have been calculated for various temperatures 
and pressures as shown in Table II. 

Dry Air. — ^Air is said to be "dry" when water evaporates and 
moist objects dry rapidly, and the air is "moist" when they do not 
dry rapidly and when the least lowering of temperature brings 
about deposits of moisture. The terms are therefore relative ones, 
but the expression "dry air," when used with reference to com- 
pressed air, is usually understood as air containing less than half 
the amount of moisture that is contained in "saturated" air. 
N Effect of Pressure on Temperature. — It is well known that air 
can be made to expand by the application of heat. The altar 
trick of the Egyptians illustrates this as does the modern hot-air 
engine. Before friction matches came into general use, fire was 
often produced by means of an air plunger-pump, which consisted 
of a cast-iron barrel weighing several pounds with a bore about 
3/8 in. in diameter, in which a steel piston fitted rather tightly. 
The end of the piston had a small cavity for receiving a piece of 
punk, and by pushing the barrel down on the piston the air in the 
barrel was compressed and its temperature rose high enough to 
ignite the punk. If heat is generated by compressing air, it is 
natural to expect that if compressed air be allowed to expand 
the temperature of the air will fall. This is exactly what does 
happen in compressed-air motors, and if the compressed air contains 
much moisture, the temperature may fall so low that this moisture 
is frozen and collects as a frost in the exhaust pipe. Frost may even 
collect to such an extent as to clog the exhaust pipe and stop the 
motor. The methods used to overcome this obstacle will be dis- 
cussed later in detail. 

The principal characteristics of air to be considered in discussing 
its mechanical uses are: pressure, temperature, volume, weight 
and humidity. 

The relations existing between the temperature and humidity 
have been considered, but before considering the other character- 
istics mentioned, it is necessary to state clearly certain fundamental 
definitions. 



CHAPTER II 

FUNDAMENTAL DEFINITIONS 

Work. — Work is a force overcoming resistance, and is measured 
in foot-poimds. A force of lo lb. exerted for a distance of 4 ft. 
represents 10X4 or 40 ft.-lb. of work, or a loo-lb. weight lifted 
3 ft. represents 300 ft.-lb. of work, etc. 

Energy. — Energy is the ability to do work and may be measured 
in the same units. Energy may exist in a number of forms, for 
example: a water-fall, heat, light, electricity, the wind, etc. The 
source of all energy is the sun, but unfortunately this energy, as it 
reaches the earth, is not in the most suitable form for all of the 
work of the world. It is the province of the engineer to change 
available energy into the desired form with as few losses and as few 
changes as possible. Most of the energy required in . commercial 
enterprises is supplied by coal, but the burning of coal represents 
the use of energy from the sun which reached the earth ages ago. 
It is only a question of time when other sources of energy than 
coal will have to be provided in greater abundance than at present 
and the attention of scientific investigators is being called to the 
importance of a more direct method of getting energy from the sun 
and of using other available forms of energy with fewer changes 
than are now necessary. 

Heat. — Heat may be defined as a form of energy, without at 
this time going into any discussion regarding its characteristics or 
effects. 

Power. — Power is defined as the rate of doing work. The engi- 
neers' unit being the horse-power, or 33,000 ft.-lb. of work per 
minute. 

Temperature. — Temperature is an indication of the direction 
in which heat will flow if it has an opportunity to do so. That 
is, heat will naturally flow from a hot to a cold body. Temperature 
does not represent the heat energy that a substance contains. 

Absolute Temperature. — Temperature in engineering work is 

5 
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usually measured on the Fahrenheit thermometer in which the 
freezing-point of water at atmospheric pressure is 32° and the boil- 
ing-point is 212**. As the temperature falls, the vibration of the 
molecules becomes less rapid and the energy contained in any 
substance decreases. That point at which the vibration of the 
molecules ceases is called absolute zero. From a study of the 
property of gases, it is evident that this point is about 460** below 
the zero-point of the Fahrenheit scale. The absolute tempera- 
ture, then, is the sum of the temperature Fahrenheit and 460°. 

B.t.u. — Amounts of heat are measured in British thermal units. 
A B.t.u. is the amount of heat required to raise the temperature of 
I lb. of water from 63° to 64° F. The mechanical equivalent of this 
is about 778 ft.-lb. This is usually represented by the letter /, and 

its reciprocal, or — ^, by ^4 . 

Effects of Heat. — If heat is applied to a substance, many of its 
characteristics may change. Its pressure may change, temperature 
may change; its volume, conductivity, elasticity, etc., may also 
be affected by the application of heat. However, all these effects 
may be classified into two groups: internal changes and external 
changes. This may be represented by an equation as follows: 
Heat applied = internal energy changes -f external energy changes. 

The internal changes may be represented in part by changes 
of temperature which mean an increase in the velocity with which 
the molecules vibrate back and forth. This energy expressed in 
heat units may be represented by S. If a substance is of such a 
nature that expansion takes place when heat is applied, then the 
molecules must be separated farther apart against whatever mutual 
attraction exists between them. This also represents an internal 
application of energy and can be represented by the letter L. 

If external work is done, as in the expansion of any substance 
at constant pressure, this work can be measured by the product of 
the pressure in pounds per square foot and the change in volume 
measured in cubic feet. The product in foot-pounds can be repre- 
sented by the letter Wy and its heat equivalent as AW, 

If the heat supplied in B.t.u. is represented by Q, the equation 
Q=S+L+AWj in which each term is measured in B.t.u. may be 
considered as a fundamental energy equation. 

Energy in Air. — ^Air may be treated as a perfect gas or as a sub- 
stance in which there is no mutual attraction existing between the 
molecules. In this case L = 0, and the fundamental equation 
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when applied to air becomes Q = S+A W. That is, if heat is applied 
to air the effect of that heat {Q) will be either to increase its tem- 
perature (5) or to cause the air to expand and do work {AW)y or 
both. However, of the heat energy given to the air, the only por- 
tion that can be stored up in the air itself (internal energy) will be 
that portion which is used in increasing the temperature of the air. 
In other words, the internal energy of air depends upon its temperature 
alone. 

This statement is very important and should be thoroughly 
appreciated by the engineer working with compressed air. 

At first thought, it does not seem possible that there is no more 
energy in the air (internal or intrinsic energy) if at atmospheric 
pressure than if the air is compressed and at the same temperature 
as the atmosphere. This, however, is the case, as shown by the 
above equations. 

Although I lb. weight of air at a pressure of i,ooo lb. per square 
inch at the temperature of the atmosphere has no more internal 
energy than i lb. of air at atmospheric pressure and temperature, 
still the energy contained in the air under pressure is available for 
use, while that under atmospheric pressure is not, for in the first 
case the compressed air may expand, suffer a loss of pressure and 
also of temperature, cool to a point below the temperature of the 
atmosphere, and in that way give up a portion of its internal energy. 
The greater the fall of pressure during expansion, the greater the 
fall of temperature, and hence the greater the amount of internal 
energy available for use. 

Some engineers are under the impression that the energy used in 
compressing air is actually stored up in the air. This, however, is 
far from true, the internal energy in compressed air depends on its 
temperature alone, and that part of this internal energy that may 
be available for use will depend upon the fall of pressure and hence 
of temperature that is permissible. 

Specific Heat. — The specific heat of a substance in English units 
is the amount of heat required to increase the temperature of i lb. 
of the substance by one degree, and is usually represented by C. 

Specific Heat at Constant Pressure. — ^The specific heat at con- 
stant pressure {Cp) is the amount of heat required to increase the 
temperature of i lb. of the substance one degree F. the pressure 
remaining constant. 

Specific Heat at Constant Volume. — ^The specific heat at constant 
volume Cv is the amount of heat required to increase the tempera- 
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ture of I lb. of the substance one degree, the volume remaining 
constant. 

As external work is done during a change at constant pressure, 
it is quite clear that the former specific heat is greater than the 
latter, that is, Cp > Cv 

Real Specific Heat. — The real specific heat of a substance is the 
amoimt of heat required to merely increase the temperature of i lb. 
of the substance, one degree F. that is, this excludes any energy 
that may be used in doing external or other work. 

Apparent Specific Heat. — ^The apparent specific heat is the amount 
of heat required to increase the temperature of i lb. of the substance 
one degree F. including heat used in doing external or other work at 
the same time. This is, therefore, usually greater than the real 
specific heat. From the fundamental equation Q=S+A W, it is ap- 
parent that, if all the heat applied is to be used in raising tempera- 
ture, ^1^=0 and Q=S, This condition can only exist if there is no 
change in volume. 

For a perfect gas, and hence for air, the real specific heat is 
equal to the specific heat at constant volume, that is, Cv. 

These specific heats are measured in heat units, but may be ex- 
pressed in foot-pounds by multiplying by the mechanical equivalent 
of a heat unit or 778 ft.-lb., or /. When this is done, the specific 
heat is represented by K, that is, 

JCv^^Kv and jC p=^K p» 



TABLE III.— C^ FOR AIR AT VARIOUS PRESSURES AND TEMPERATURES 



Temperatures 
Fahrenheit 


Pressures in atmospheres and pounds per square inch 

absolute 


I 
14.7 lb. 


10 
147 lb. 


20 
294 lb. 


40 
588 lb. 


70 
1,029 lb. 


100 
1,470 lb. 


212° 
32° 

-148° 
-238° 

-274° 


0.2372 
02375 
0.2380 
0.2389 
0.2424 
0.2467 


0.2389 
0.2419 
0.2455 
0.2585 
0.3105 

0.4147 


0.2408 
0.2465 
0.2572 
0.2844 
0.5048 


0.2446 
0.2512 
0.2785 
0.3697 


0.2512 
0.2773 

0.3319 
0.3461 


0.2583 
0.2986 
0.4124 
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The specific heat of air at constant pressure, (Cp) is usually taken 
as 0.2375 B.t.u., and the specific heat at constant volume, (Cv) as 

0.1689 B.t.u. The ratio of these two specific heats, 7? or 1.405, 

is frequently used as shown later in compressed-air calculations. 

As a matter of fact, the specific heat of air at constant pressure 
is not the same under all conditions, as it increases with increasing 
pressures or decreasing temperatures, as shown in Table III given by 
Prof. Linde. 



CHAPTER III 

CHARACTERISTIC AND ENERGY EQUATIONS FOR AIR 

The principal characteristics of air to be studied are its pressure, 
volume and temperature. Pressure may be measured in pounds 
per square inch or pounds per square foot, and in the equations that 
follow, absolute pressure is used. This is the sum of the pressure 
of the atmosphere and the pressure shown by the gage. When 
measured in pounds per square inch, the pressure will be indicated 
by p. When measured in pounds per square foot, it will be indicated 
by P. Volumes are measured in cubic inches or cubic feet, usually 
the latter. If the volume of a i lb. weight in cubic feet is considered, 
it will be represented by v. If the total volume of any weight in 
cubic feet is considered, it will be represented by F. Temperature 
may be measured on the Fahrenheit scale, and when so done is indi- 
cated by U If absolute temperature is considered, it will be repre- 
sented by T. r=/+46o. 

Boyle's Law. — Boyle's law for perfect gases, which was determined 
by experiment, states that the product of the pressure and volume of 
a perfect gas is a constant if the temperature is constant. That is, 
piVi=p2V^pzVzy etc., if the temperature is constant, or PiVi = 

P2V2, etc., or PiVi=P2t'2. 

Law of Charles. — The law of Charles states that the volume varies 
inversely as the temperature, if the pressure is kept constant. Or 

1^=7^, etc., if the pressure is constant, 
i 1 i 2 

Characteristic Equation for Perfect Gases. — Combining these two 
equations, which were determined by experiment, -Y~=~fr-, or 

-^=-^ir-, a constant is obtained. This constant will be indicated 
i 1 i 2 

as R and the above equation as FiVi=RTi, 

Numerical Value of R. — The value of this constant {R = -^ j will 

vary with the gas considered. For example : As i lb. weight of oxygen 
at 32° F. and 14.7 lb. absolute pressure occupies 12.21 cu. ft., the 
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value of this constant for oxygen will be — — — 2 — i ' — =52.4. 

^^ 460+32 ^ 

In the same way, as the volume of i lb. weight of air at this tempera- 
ture and pressure is 12.39 cu. ft., the value of this constant for air is 
14.7X144X12.39 

460+32 ~53-3- 

\ Weight of Air. — In the equation, ^fr^=-^=S3.3, for i lb. of air, 

i 1 i 2 

this may be multiplied by the number of pounds of air, giving the 

P V P "V 
equation -Tfr- =~^fr-= 1*^53.3, in which w represents the number of 
i 1 i 2 

pounds of air. This equation is of great assistance in determining 
the weight of air in a certain receiver. For example: If a receiver 
3 ft. in diameter by 10 ft. high, and having, therefore, a volume of 
70.68 cu. ft., contains air at a temperature of 70° F. and a gauge pres- 
sure of 143.3 It)., or 158 lb. absolute, the weight of air contained in 
the receiver if the pressure of the atmosphere is 14.7 lb. per square 

• 1, -11 K -Pi^i 1 58X144X70-68 ^ ,, 

mch will be :^=— ^ — ZTr~2 x — \ = 56.o lb. 

53-3^1 53-3 X (460+70) ^ / 

Relation between Specific Heats. — If i lb. of air contained in a 
vertical cylinder having a weighted piston above is heated, the 
temperature of the air will increase and, as the pressure is kept con- 
stant, the heat absorbed, may be expressed as the product of the 
amount of heat required to cause a change of one deg. F. and the 
actual change in temperature measured in degrees F. or as 
Cp{T2—Ti) in B.t.u., or Kp{T2—T^, if expressed in mechanical 
units; where Ti and T2 are the initial and final temperatures 
respectively. 

5, the energy required to cause the increase in temperature alone, 
is Cv{T2— Ti) in heat units; Kv(T2— Ti), if expressed in foot-pounds. 

Wy the external work, must be Pi{v2—vi), where Pi represents the 
pressure on the piston in pounds per square foot; vi and V2 the initial 
and final volumes of the air respectively in cubic feet, but as Pv = 
RT this may be expressed as i?( J'2— Ti) ; that is, the heat energy ap- 
plied, or yySQ=Kv{T2-Ti)+R{T2-Ti), in foot-pounds. But the 
heat energy applied may also be represented by the expression, 
Kp{T2—Ti), hence: 

Kp{T2-Ti)=Kv(T2-Ti)+R{T2-Ti) 

Kp = Kv+Ry or R = Kp-Kv = 77S{Cp-Cv) = 
778(0.2375 -0.1689) = 53.3 

If expansion of air takes place in a perfectly non-conducting 
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cylinder, Q of the equation Q=S+AW must equal O, and hence 

W= — ^, otW= —7785; that is, during an adiabatic expansion of air, 

as it is called, the temperature falls and the amount of energy used 
in doing work during the expansion will be given by the expression 
KviTi—T2) in foot-pounds. 

As no heat energy is given to the substance nor taken from it 
during this change, all the work that is done must be done at the 
expense of the internal energy. 

The principal relations known to exist between Kp and Kv for 
air are as follows: 



Kp ^ A, tj 



K 



Kv 



^ = 1.405 



Kp=Kv+R=Kv+S3'3 
Kp—Kv = SS-3 

Work of Isothermal Change. — From the characteristic equation 
for air, it is evident that if the temperature is a constant, FV = 



PV-P,V,-I^Vfe 



Fig. 5. — Isothermal change of air. 



constant, or PiVi=P2V2=PsVzy etc. That is, if a certain volume 
of air is compressed to one-half its original volume isothermally, 
its pressure will be doubled, while if its volume is reduced to one- 
fourth its original volume, its pressure will be quadrupled, etc. 
This relation follows the path shown by the isothermal curve of 
the chart, Fig. 5, the equation being that of an equilateral hyperbola. 
In order to find the work done during an isothermal compression, 
it is necessary to find the area under the compression curve drawn 
on a PF" diagram or plane, this area representing the work done 
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expressed in foot-pounds. The fundamental expression for any area 
on a pressure — ^volume diagram is given by the expression, 

Area = work = jFdV 

PiVi 
with the isothermal curve PV=P iVi, hence P=—f7-> and 

Vi 
hence, W=PiVilog ^' 





Vi 



\ 



where Pi represents the maximum pressure in pounds per square 
foot and Vi the minimum total volume of the compressed air in 
cubic feet, V2 the total volume in cubic feet occupied by the air 
before compression. 

This also represents the work done by any number of pounds 
of air expanding at constant temperature from an initial volume 
of Vi cu. ft. to a final volume of V2 cu. ft. If i lb. of air expands 
in this way the work done will be represented by the equation \ -r '^/ ^ 

PiVi loge — ' or as PiVi=RTi, this may be written RTi logc — 

As the relation PiVi=P2V2 applies to this isothermal change, 

p p 

the equation may also be written PiVi loge ^ or RTi logc ^• 

1^2 r^2 

To illustrate the application of this formula, suppose it is required 
to find the work done as i lb. of air expands at constant temperature 
of 120° F. from a pressure of 150 lb. per square inch absolute to 
30 lb. per square inch absolute the work done will be : f 

53'3X(xJ+46o)log.^^ 

It is evident that the ratios of pressures in pounds per square inch 
is the same as the ratios of pressures in pounds per square foot. 

53-3Xs8oXloge 5 = 53.3X580X1.6094, or 49,800 ft.-lb. 

A table of logarithms to the base e, or hyperbolic or Naperian 
logarithms as they are called, is given in Appendix B. This is 
for nvmibers from i to 10. If it is desired to obtain other logarithms 
as for the number 0.12, this is equal to the loge of 1.2 minus the loge 
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1.2 



of lo, or the loge of -^. In the same way the loge of 25 is the same 



10 



as the loge of (2.5 X 10), or the loge of 10 plus the loge of 2.5. 

Work of Exponential Change. — When the equation of the com- 
pression line is unknown, it may be represented by the equation 
PF^ = a constant, where n is the unknown exponent (Fig. 6). 



PV"*I^V,"-PjVfe*» 




Fig. 6. — Exponential change of air. 

PF^=PiFi'^andP=-^- Substituting in the formula for 
work 

W=fPdV, W= Pi7i^ Y^^^iVi"" y^=PiVi'' V-^dV 

Jvi Jvi JVi . 



w= 



PiFi~(F2^-'*-Fii-'^) 



i—n 

P2V2-P1V1 P1F1-P2F2 



y butasPlFl~=P2F2^ PF = 



i—n n—i 

Pi represents the maximum pressure andPj the minimum pressure 
in pounds per square foot, and Vi the minimum total volume of 
the compressed air in cubic feet and F2 its volume in cubic feet 
before compression. 

The above expression for work also represents the number of 
foot-pounds of work that will be done by any number of pounds of 
air expanding according to a change of pressure and volume repre- 
sented by PiFi" =P2F2~. 

If I lb. of air expands in this way the work done will be represented 
by the equation 

fl — I fl — I \V%/ 
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From this it is evident that the equation may also be written: 



P 

n 



^[-e)"1-»-'S^[-@)^] 



As an illustration suppose it is required to find the work done 
as I lb. of air exl)ands according to the equation PiDi^'^=P2V2^'^ 
from an initial pressure of i8o lb. per square inch absolute and a 
volume of 1.2 cu. ft. to a final pressure of 15 lb. per square inch 
absolute, the work done will be 

i8oXr44Xi.2 r __ /J^\^l ^180X144X1^ L^ ^g '"''] 
1.4— I L \i8o/ J 1.4 — I L J 

= 77,76o[i —0.492] = 77,760X0.508 =39,502 ft.-lb. 

Work of Adiabatic Change. — If a change takes place in a cylinder 
surrounded by non-conducting walls preventing energy in the form 
of heat from entering .or leaving the cylinder, this change is called 
adiabatic. 

During an adiabatic expansion of i lb. of air, the work done may 
be represented by the equation Kv{Ti—T2)) as for such a change 
AW=-S or pr=-7785, and S=Cv{T2-Ti). 
As PiVi=RTi and p2V2=RT2 





A« 


(Ti- 


-r,)= 




R 


— A" A/ 






but 


R= 


-Kp- 


-K^ 












then 


K, 


.(Tx- 


-r2)= 


K 


viPlVv 

Kp- 


-PiVi) 

K, 


PlVl- 

Kp 


-P1V2 
— 1 



Kv 

This expression must equal the expression for work under an ex- 
ponential curve, viz. : 

n—1 
hence for an adiabatic change of i lb. of air, the exponent in the 
equation PiVi^=P2V2^ must equal ^> that is, 

Kp Kp 

PiVi^" =P2f 2-^^" and for w lb. 

Kp Kp 

PiVi^^P2V^=PzVs '•"'* 
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Relations Between P, v and T for Adiabatic and Exponential 
Change. — ^This shows the relations existing between P and v for 
an adiabatic change. In order to find the relations between Pand 
r or t; and T for such a change, it is necessary to turn to the charac- 
teristic equation Pv=RT, or 

PiVi P2V2 PiVz 



then 



Ti T2 Tz 
Pi V2T1 



P2 V1T2 
But as Pivi^-'^^ =P2V2'-*"' 



then 



Pi 



=£) 



1*405 



2 WV 

^•*^^ V2T1 , MX^-*^* Ti 



Equating (-) =^ and (-) = 



As 



2 
Pi /t;2> ^'^^^ 



= (-) 



0«405 ,„ , n.AnR ,n v 0'406 



/pv 0.2882 Ti /CiX'"' 

fe) =r2= W 

In the same way for changes represented by the exponential 
equation PiVi^=P2V2'^- 



n-l 



Computation of Intrinsic Energy. — ^These equations enable 
calculations to be made of temperature changes during adiabatic 
compression and are used in calculating the heat curves of the chart, 
Fig. II. 

During an adiabatic expansion of air all the work that is done 
must be done at the expense of the intrinsic energy. This can be shown 
from the equation Q=S-\-AW, which becomes O^S+AW for an 
adiabatic change, for from the definition Q must equal zero. This 

being true, W = -t-, or a measure of the work done would give also 
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a measure of the change in intrinsic energy. That is, if the initial 
pressure and volume of ze; lb. of air is known, the equation 

PlVl-P2V2 _ PlVl-P2V2 ^ PlVl-P2V2 

n—i 1.405 — 1 0.405 

will be a measure of the intrinsic energy available. In this equation 

Pi and P2 represent respectively the initial and final pressures in 

pounds per quare foot. 

If Vi and V2 be used representing the specific volumes, that is, 

the volumes occupied by i lb. weight, then the equation given 

represents the work done and the change of internal energy of i lb. 

weight only; but if Vi and V2 be used representing the initial and final 

volumes occupied by all the air concerned in the expansion, the 

^. P1V1-P2V2 .„ ^ . X . . . 

equation will represent the entire amount of intnnsic 

energy available for use in expansion of w lb. from pressure Pi and 
volume Vi to a pressure P2 and volume F2. 

If Pi and Vi are known as well as P2, the final pressure, V2 may be 
calculated if the equation of the expansion line is known. This 
equation will be 

the equation for an adiabatic expansion. 

If the expansion is not adiabatic, the equation 

Cannot be used for calculating a change of internal energy. In 
order to obtain the amount of internal energy contained in air it is 
merely necessary to assume an adiabatic expansion to infinity. 
The area under such an expansion curve is finite and amounts 

PiVi 

to * For example, the internal energy contained in i lb. of air 

0.405 ^ ' ^-^ 

at atmospheric pressure -and 32° F., with a volume of 12.39 cu. ft. is 

PiVi RTi ,. ,. 

or , which IS 

0.405 0.405' 

14.7X144X12.39 53.2X493 ^^ ^, ^,^ f. ,1, 

> or > or 04,730 it.-lb. 

0.405 0.405 

It is, of course, impossible to obtain this amount of energy from a 
pound of air, as it is impossible to secure its complete expansion to 
absolute zero of pressure. 



CHAPTER IV 



GRAPHICAL DIAGRAMS 



Construction of Isothennal Curves. — It is frequently necessary 
or desirable to construct graphically compression curves represent- 
ing isothermal and adiabatic changes of air. A method of con- 
structing the isothermal curve is shown in Fig. 7, in which rep- 




FiG. 7. — Graphical construction of equilateral hyperbola. 

resents the intersection of the coordinates of a pressure-volume 
plane. If an isothermal line is to be drawn through point a, con- 
struct horizontal line a-b and vertical line a-c, as shown, then 
draw any diagonal line as o-i and complete the rectangle a-i-2-3; 
3 is a point on the required curve. In the same way, other diagonals, 
as 0-4, may be drawn, and the rectangle a-4-5-6 constructed, 
giving point 6 as another point on the required curve, etc. 

Another method of constructing this curve is shown in Fig. 8. 
Assume that it is required to draw the isothermal line for air through 
point a. A diagonal line, as 1-2, may be drawn through this point 
and the distance 2-b made equal to i-a; 6 is a point on the required 
curve. In the same way line 3-4 may be drawn through b and the 
distance 4-c made equal to the distance 3-ft, giving another point c 
on the required cuive, etc. 

In the equation PF"=PiFi'*=P2F2'*, etc., the value of the 
exponent n may be found, if the values of F and V for any two points 
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are known, by taking logarithms of both sides of the equation, 

log Pi+»Xlog Fi=log P2+wXlog 72, and from this 

log Pi— log P2 



n = 



log 72— log Vi 




Fig. 8. — Graphical construction of equilateral hyperbola. 




Fig. 9. — Graphical construction of exponential curve. 

Figure 9 represents graphically a curve whose equation is Pi 71** = 
P272'* in which the numerical value of n is 1.405. Curves of this 
type may be classed as exponential or logarithmic curves. A 
simple method (Brauer's) of constructing such curves graphically 
is given below, together with a development of the equations used. 

Construction of Exponential Curve. — Brauer's method of con- 
structing an exponential curve may be illustrated by assuming any 
two points, as A and B, Fig. 9, of such a curve and drawing lines 
through both points perpendicular to both axes. Through C and E 
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draw lines making an angle of 45 degrees the with axes. D represents 
the intersection of CD with BH produced, and F the intersection of 
EF with AL produced. 

Connecting points D and F with will give the two angles DOP 
or /? and FOV or a. In order to determine the relations between 
these angles, the following demonstration is given: 

Pa =Pb+AG=Pb+CH=Pb+DH 
DH =Pb tan /? 

Pa =PB(i+tan/?) (i) 

Vb =Va+GB=Va+LE=Va+LF 
LF =Va tan a 
Vb =FA(i+tana) 

n=n(i+tana)'* (2) 

Multiplying equations (i) and (2) 
PAVKi+tSin a)^=PBn(i+tan /?) 
hut, PaVI=PbVI 

(i+tan a)^ = i+tan /? 
tan /?=(i+tan a)"-i 

This shows the relation between the angles /? and a in terms of the 
exponent n. 

For convenience, it is customary to make tangent of angle a = 
0.25. Tan /? has been computed for various values of n as foJlows: 



n 


lang. J 


0.7 


0.169 


0.8 


0-I9S 


0.9 


0.223 


I.O 


0.25 


I . 0646 


0.268 


1. 135 


0.288 


I-2S 


0.322 


1-333 


0-347 


1-37 


0.358 


1. 41 


0-37 



If, for example, a curve is to be drawn through any point, as A 
following the equation PiVi^-^^=P2V2^-^^y lay off angle VOF, or a, 
with a tangent equal to 0.25 and angle POD, or /?, with a tangent 
of 0.322; then draw AC and AL through ^, and construct lines CD 
and FEy making angles CDH and FEL equal to 45 degrees, the in- 
tersection of the horizontal line from D and the vertical line from E 
will give point B as one of the required points of the curve. In the 
same way, other points of the required curve may be obtained. 
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Heat added or taken away for Isothermal Change. — The funda- 
mental equation showing the effects of applying heat to air, Q=S+ 
AWy enables a determination of Q, the heat to be applied in the case 
of expansion, or the heat to be taken away in the case of compression 
in order to cause the expansion or compression line to follow a certain 
exponential curve. If this required expansion or compression curve 
is to be isothermal, S=0 and Q=AWy that is, the heat to be applied 
to secure isothermal expansion must equal the heat equivalent of the 

V2 



work done during the expansion, or 



PiVi loge Vi 
778 



heat units, and in 



the same way the heat to be taken away, in order to secure isother- 
mal compression, must equal the heat equivalent of the work done 
during the compression. 

Heat Added or taken away for Exponential Change. — Frequently 
it is desired to secure a compression or expansion curve between the 




Fig. 10. — Graphical measurement of change of heat energy. 



isothermal and adiabatic, following the equation -Pa ^0*^=^6 Ft**, as 
shown in Fig. 10, in which n is less than 1.405. In this case Q = 
S+AW. It has been pointed out that the mechanical equivalent 
of the internal energy possessed by air is represented by the area 
under an adiabatic curve continued to infinity and in Fig. 10 of 
represents such a curve through point a and be such a curve through 
point b. W, or the external work done between a and b, is repre- 
sented by the area abed, or 1+2. 5X778, or the internal energy for 
point a by the area 1+4, and 5X778 for point b by the area 3+4. 
The change of internal energy in going from a to 6 in the case of 
expansion will be area (3+4) —area (1+4), or 3 — 1, and asW= 
i-f-2, the mechanical equivalent of Q must equal SXjjS+Wy or 
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(3"-i) + (i+2), or (3+2). That is, the mechanical equivalent of 
the heat energy to be added during expansion from a to b, or 
taken away during compression from b to a, in order to follow a 
certain curve on the FV diagram, will be the area bounded by the 
curve ab and two adiabatics from the ends of the curve to infinity, 



or, 



PaVa-PbVb PaVa'"'' 



PbVb^'^^^ 



n—i 0.405 0.405 

Difference between Isothermal and Adiabatic Compression. — 

The difference between adiabatic and isotheimal compression is 




a4 
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Fig. II. — Temperature change due to adiabatic compression. 

illustrated by the two curves on the PV plane at the left of Fig. 11, 
which shows that while an isothermal compression of free air to half 
its original volume will raise its pressure to 2 atmospheres, or 14.7 
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lb. gauge at sea-level, the same reduction of volume adiabatically will 
raise its pressure to 2.82 atmospheres, or 26.75 1^- g^^ge. If the re- 
duction of volume is to 0.2 of the original volume, the pressure for 
isothermal compression will be 5 atmospheres or 58.8 lb. gage at sea- 
level, and for adiabatic compression 8.88 atmospheres or 115.83 lb. 
gage. 

Temperatures due to Adiabatic Compression. — Adiabatic com- 
pression is always accompanied by an increase of temperature fol- 

Ti /F2\0"*06 Ti /Pa 0-2882 

lowing the equation ^= (tt) > or^= \-p-\ , This shows the 

ratio of the final absolute temperature to the initial temperature. 

The right-hand part of Fig. 11 shows the resulting temperature 
Fahrenheit for adiabatic compression with initial temperatures vary- 
ing from 0° to 100° F. From this it is evident that adiabatic com- 
pression to 0.2, the original volume and consequently ^.^ atmos- 
pheres, will approximate a final temperature 510° F. if the initial 
temperature is 60° F. 

Very high temperatures are to be avoided in compressing air as an 
explosion may result if the temperature is suflicient to ignite the 
volatile matter contained in the lubricating oils used. In addition 
to this, the energy represented by the high temperature will soon be 
dissipated by radiation. Isothermal compression requires removal 
of heat energy during compression, and this cannot be accomplished 
satisfactorily with piston or fan compressors operating at modern 
speeds. Because of these conditions, high compression is secured in 
modern compressors by compressing by stages and cooling the air 
between stages. Compression in single-stage compressors is usually 
accompanied by such cooling as can be secured b> water-jackets or 
other means, but with the speeds required the usual effect is to se- 
cure a compression curve with an exponent n varying between 1.25 
and 1.33. 

Work done by a Compressor. — The work done in a machine, which 
draws in air, compresses it, and then discharges the compressed air, 
can be calculated, H the suction and discharge pressures are known 
and the chaiacter or exponent of the compression curve is given. 

Exponential Compression. — ^Let Fig. 12 represent such a series of 
changes for any compressor, in which the effect of clearance is dis- 
regarded. In this diagram, which is somewhat similar to the indi- 
cator card from a piston compressing cylinder, d-a represents the 
intake of air at a pressure of p2 lb. per square inch, a-h represents 
the compression of this air from p2to pi lb. per square inch following 
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the compression curve piVi^=p2V2^ a,nb-c represents the discharged 
of the compressed air at a pressure pi lb. per square inch. 

The area enclosed by the lines d-a-b-c-d will represent the work 
done if V represents the volume in cubic feet and if p, representing 
the pressures in pounds per square inch, be multiplied by 144 to give 
pressures in pounds per square foot. 

9 




Fig. 12. — Work diagram of air compressor. 

The required area will be area a-b-g-f plus area b-c-e-g minus 
area a-d-e-f, 

pbVb — paVa , . T7 u ir 



or 
or 



144 



n—i 



I44{pbVb — paVa) {zrr~^^) ' OT-—I44(pbVb — paVa) 



Va is usually known in compressed-air calculations, but Vb is not 
known directly, but as ^0^0** = ^6 Fb^ this equation may be sim-» 

/ Va\ **~^ /Pb\ ^~^ 

pli^ed, ior pbVb = paVa{^) f or pbVb=paVa\^) ^ > and the 

expression may be written: 



n 



"-i-«^^.[(f:)"-] 



Suppose, for example, it is desired to ascertain the work required 
to compress 2,500 cu. ft. of air from a suction of atmospheric pressure 
or 15 lb. absolute to a gauge pressure of 100 lb. per square inch, or 
lis lb. absolute, following a compression line whose exponent is 1.3. 

This will require^'^Xi44Xi5X2,5oo I (^)^'~ - A 



or, 



or. 



[0.28 1 

(7.66) - ij 

23,375»oooX(i.59-i), or 13,780,000 ft.-lb. 
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If the compressor is to have this free-air capacity of 2,500 cu. ft. 
per minute, the horse-power required will be 

1378000 ^^^«,^ 

> or 418 h.p. 

33000 ^ ^ 

Isothermal Compression. — If the compression line a-b was an 
isothermal line, following the equation paVa = phVhy the expression 
for the area would be 



a 



144 UdFtloge-^+Z^b^d — />aP^a , Or 144 />6p^6 loge ^ 
or, 144 paVa\oge ^, Or 144X15X2,500 logc ^ 

ya 15 

or, 5,400,000 loge 7.66 = 5,400,000 X 2.036 = 1 1,000,000 f t.-lb. 

If the compressor is to have this free-air capacity of 2,500 cu. ft. 
per minute, the horse-power required will be 

I I 00000b - 

, or 333 h.p. 

33000 ' ^^^ ^ 

These calculations show the advantage of having the exponent 
of the compression line as low as possible, or in other words keeping 
the temperature of the air during compression from rising. The 
advantages and methods of attempting this are discussed later. 

The effect of valves, clearance and friction on the required horse 
power is considered later in discussing piston compressors. 
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AIR AT PRESSURES BELOW THE ATMOSPHERE 



A study of the properties of air, and of its applications would 
not be complete without reference to at least a few of the uses of 
air at pressures below the atmosphere. 

For purposes of experiment and for laboratory uses, these low 
pressures are usually obtained by means of -the familiar air pump. 

Venturi Vacuum Pump. — Another method of securing these low 
pressures is by means of a very simple hydraulic air\ ejector or 
"venturi vacuum pump" as it is sometimes called. 

This convenient instrument for quickly obtaining an approximate 
vacuum depends on the principle that a fluid passing at a high veloc- 
ity through a converging and diverging nozzle in which the curves 

conform to the shape of the "vena 
contracta" of a jet frqm an orifice, 
will produce an approximate vacuum 
at a point nearest its greatest con- 
traction and if an air chamber is 
connected through an orifice at 
this point the air will be drawn 
into the jet and a very good 
vacuum formed in the chamber. 
In the sketch shown in Fig. 13, 
tube A may be connected by a rubber hose to a faucet. The con- 
verging-diverging tube through which the water is forced is shown 
at Z>. Tube C, which is connected with the chamber from which 
the air is to be exhausted, has a check valve E and is connected 
to the smallest diameter of the nozzle. It has been found that 
better results are secured when a baffle F is introduced into the dis- 
charge pipe B, as shown. 

Sprengle Air Pump. — For a more perfect vacuum than the air 
pump or the hydraulic air ejector the Sprengle mercurial air pump 
is used. This pump depends on the fact that if mercury is forced 
through an inverted U tube the mercury going over the bend will 
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Fig. 13. — Hydraulic air pumps. 
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exhaust the air from any chamber that is connected to the U tube 
at the top of the bend. 

This pump is used for exhausting the air from incandescent 
lamp globes and remarkably Jow pressures are secured with it. 

Measuring Vacuums. — Although the normal pressure of the 
atmosphere at sea-leveJ is 14.7 lb. per square inch and pressures 
above that are designated in the same units, pressures below the 
atmosphere are not usually so designated but instead are expressed 
in inches of mercury. If a U tube at the sea-level is filled with 
mercury and one end connected with a perfect vacuum while the 
other is in contact with the atmosphere, the mercury will rise to a 
height of 29.92 in. above the level of the mercury in the leg that is 
exposed to the atmosphere (i in. of mercury =0.49 lb. per square 
inch). Consequently a vacuum gage indicating 20 would represent 
two-thirds of a perfect vacuum or a pressure of about 10 lb. below 
the atmosphere, that is, approximately 5 lb. absolute. 

One of the most familiar uses of pressures below the atmosphere 
is in a condenser for steam engines in which the back pressure of the 
engine is reduced considerably below that of the atmosphere, thereby 
increasing the power of the engine. 

Condenser Pumps. — Condenser pumps ^ are of two kinds: cir- 
culating pumps and air pumps, the circulating pumps being used 
to force the condensing water through the condenser and the air 
pumps for removing the condensed steam and air. In some types 
of condensers, the condensed steam is removed by gravity, as in the 
barometric type, and the air pump removes but air alone, being 
in this case called a "dry-air" pump to distinguish from the "wet- 
air" pump, which removes condensed steam as well as air. 

Wheeler Combined Pump. — As a circulating pump usually 
lifts the water but a short distance, it is built as a tank pump, but 
should it be required to lift water through a long line of pipe, as a 
line to the top of a cooling tower, it must be made of heavier con- 
struction. Because of the large quantities of water which it handles, 
it is very frequently built of the centrifugal type. Fig. 14 shows a 
combined air and circulating pump of the Wheeler Condenser and 
Engineering Company. The steam cylinder is in the center, the. 
air-pump cylinder at the left and the circulating-pump cylinder at 
the right. 

The circulating pump forms one end support for the condenser. 
The water is discharged through A into one set of tubes and then 

^ Pumping Machinery, Greene. 
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it returns through B and the upper set of tubes to C, where it dis- 
charges. The air pump forms the other support for the shell. 
It takes the air and water from the condenser and discharges it 
through D. The suction space F is connected to G. 



Airond CandnMd&ream Sttom Cylinder Ctrculoling Pump 

Fig. 14. — Wheeler condenser pump. 

Size of Water and Air Pumps.— To find the size of the water and 
air ends of the pump, suppose that W pounds of steam per hour at 
a pressure p are to be condensed. If r is heat of vaporization of 
the steam, x its quality, tc° the temperature of the condensed steam, 
and q the heat of the liquid, and if G pounds of water entering at 
ti° F. and leaving at la° F. are to be used, G is given by the equation: 

„ W(q+x.T~qco ) ,^ , 

G = ^— lbs. per hr, 

in which the subscripts of q indicate the temperature for which the 
heat of the liquid is obtained. 

If the number of revolutions or double strokes N are assumed, 
the displacement of the water end will be 

Dp = Tfrr; — cubic feet. 

'^ 120NX62.S 

The air end of the pump is made in many cases of empirical 
design. Some authors give ratios of volume displaced by the 
pump per minute to the volume of the condensed steam or to the 
volume of the low-pressure cylinder of the engine which is dis- 
charging into the condenser. Several of these are mentioned. 
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RATIO OF AIR CYLINDER DISPLACMENT TO LOW-PRESSURE CYLINDER 

Single-acting vertical pump surface condenser i : 13 

Single-acting vertical pump jet condenser i : 9 

Double-acting horizontal pump surface condenser i : iS 

Double-acting horizontal pump jet condenser 1:12 

Double-acting horizontal pump-compound engine sur- 
face condenser i : 26 

Single-acting horizontal pump-compound engine sur- 
face condenser i : 16 

RATIO OF AIR CYLINDER DISPLACEMENT TO VOLUME OF CONDENSED 

STEAM. 

Surface condenser i : 20 

Jet condenser i : 40 

This may be a satisfactory way, but it is better to estimate the 
volume from the air probably present. Water usually contains 
air to about one-fifteenth of its volume. This amount of air is 
at atmospheric pressure pa and it must be cared foi by the air 
pump at a reduced pressure. In addition to this there are small 
leaks in the pipe line which allow more air to enter. A small hole 
will destroy the vacuum of the air pump. To find the volume 
of air per minute the following formula will be used, allowing 100 
per cent, for leakage. 

p = absolute pressure in the condenser, pounds per square inch. 
p8 = vapor tension or absolute steam pressure corresponding to Tc.^ 
Tc = absolute temperature in condenser. 
Ta = absolute temperature of atmosphere. 

This equation shows the importance of making pa as much less 
than p as possible. The terms p and ps do not differ much, and 
by taking the mixture of air and vapor on its way to the air pump, 
through as cold a passage as possible, the term ps is made smaller 
and the denominator is increased, making V small. This is the 
reason for the great advantage in a counter current for condensers, 
and even in the condenser, shown in Fig. 14, the coldest water should 
enter directly over the air-pump inlet so as to cool the mixture 
going to the pump. 

From the volume thus computed the displacement of the air 

pump is given by: 

V 
Dap = — ^ cubic feet. 

* See discussion on Partial Pressures Appendix C. 
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Knowing the displacements of these pumps a stroke may be 
assumed, and from it the area determined. 

Ap=-jr^y sq. ft. for the water pump. 

Aap = —f^) sq. ft. for the air pump. 

Steam Cylinder Size. — The cards from the water end are shown in 
the lower part of Fig. 15, while those for the air end are shown 
above. The combination of these or the addition of them when 



^'Atmosphere 




JA 



^Atmosphere 




Fig. 15. — Indicator cards of 
condenser pump. 
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Fig. 16. — U. S. Navy pump 
cylinder. 



reduced to the proper scale, on account of the difiFerence in piston 
area, will give the total work, and from this the area of the steam 
cylinder may be calculated, if the mean efiFective pressure 
(M.ET.)s be found for a given boiler pressure. Allowing 33 per 
cent, for friction, which is made large to give certain driving power, 
the following results: 

^'''~ (1.00-0.33) (M.E.P,)s ' ^'^' "• 

U. S. Navy Air Pumps. — Separate air pumps are often used. Fig. 
16 shows the air cylinder of a stream-driven pump used, in the U. S. 
Navy. This air pump is made with two air cylinders driven through 
gears from a steam cylinder placed on one side of a pump barrel. 
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The pump is of the bucket type with foot valves A A and head valves 
at B. These with the valves in the bucket at C are all spring-con- 
trolled metal valves. The foot valves aie placed on an inclined 
partition for the purpose of making it easier to discharge the air when 
the piston rises and forms a vacuum. The lip around the discharge 
valve makes a dam and covers the valve with water. This makes 
them air tight. The other valves are also flooded, since all ol the 
water on the bucket or that over the foot valves cannot be driven 
out, as the valves limit the motion of the bucket. On the down stroke 
of the bucket the pressure in the space above it soon falls to a low 
vacuum because it had been completely filled with water; this, then, 
causes the valves to open and take air from the lower portion of the 
cylinder. The air in the water also separates and lises to the top of 
the cylinder. Finally the bucket reaches the water below, and this is 
driven through the valve openings which are uncovered. It is seen 
that the air leaves first in this case. The water is struck by the 
bucket surface and will cause considerable shock if the pump is run- 
ning too rapidly. 

Edwards Air Pump. — To do away with shock and to decrease 
valve resistance, the Edwards air pump, Fig. 17, was introduced. 
In this air pump water and air enter 
the space A at the bottom of the pump 
which is made conical in form. The 
piston B, which is driven from the 
steam piston by two rods CC extending 
over the shaft and crank, is provided 
with a conical bottom. As this piston 
descends there is a vacuum produced, 
so that when the top of the piston 

uncovers the openings E, air enters ^ ^ , . . 

, ,, , J ■, ,■ . Fig. 17.— Edwards air pump 

from the space A around the cyhnder cylinder 

barrel, and as the conical bottom enters 

the water in the bottom qf A , tWs is forced around the curved passage 
and discharged into the openings at E. This continues even after the 
piston starts up, as the momentum causes the water to continue its 
motion. This discharge of water into the openings as the piston is 
moving upward acts as a valve to keep the air from coming out as the 
piston ascends. In a short time, however, the piston covers the 
ports or openings E and then the air and water are compressed 
until the pressure is sufficient to overcome the atmospheric pressure 
on the head valves at H, which are flooded by means of a lip around 
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the valve deck. The piston rods CC are carried through long-sleeve 
stuffing-boxes so arranged that the point H, at which leakage could 
occur, is water sealed, leaving only one stuffing-box at the plate K to 
care for. This is a simple matter. 

Industrial Uses of Vacuums. — One of the earliest applications of 
air pressure below the atmosphere is shown in a patent dated 1833, 
for the preparation of leather by the evaporation of certain substances 
in a partial vacuum, the object being to avoid intense heat. * Water 
at atmospheric pressure boils at 21 2° F. If the pressure is increased 
above the atmosphere as in the ordinary boiler, the boiling-point 
of the water is raised, and for the same reason when it is desired to 
evaporate any substance at a temperature below its boiling-point 
for atmospheric pressure it is merely necessary to put the substances 
in a partial vacuum and its boDing-point is accordingly lowered. 

This results in evaporation at very 
low temperatures, a most desir- 
able feature especiaUy in the drying 
of fruits, etc. 

Air at pressures below the at- 
mosphere is used for drying aU 
kinds of food materials such as 
meat, fish, fruits, etc. Frequently 
a solution of a gelatin sugar or 
gum is used as a coating. 

Vacuum processes are employed 
for pickling and salting meats and 
vegetables, evaporating fruits, re- 
fining sugar and condensing milk. 
Wood may be artificially colored and railway timbers impregnated 
with preserving substances by means of a vacuum. 

Salt Evaporating Effects. — Probably one of the most interesting 
applications of the partial vacuum is found in the manufacture of 
salt, the refining of sugar and the concentration of s)n:ups, liquors, 
etc., by what is known as the triple effect apparatus. 

The apparatus in which this is done usually consists of two or 
three "effects," as they are called, almost identical in construction. 
One of these is shown by Fig. 18 and represents one of a "train" 
of effects for extracting salt from brine by heating the brine solution, 
thereby evaporating the water and leaving the salt as a solid deposit. 
B is the heating chamber or section consisting of a series of vertical 
flues, conical in section, in which the brine circulates and around 




Fig. 18. — Vacuum manufacture of salt. 
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which the steam flows. This part is very similar in construction to 
a vertical flue boiler, with the exception that the flues are conical 
instead of cylindrical, to prevent deposits on the tubes. 

Steam is furnished to B through pipe E either from a boiler or 
the exhaust of a steam engine, and after giving heat to the brine, 
which fills the apparatus as shown, the steam is condensed and 
drawn off. The vapor from the brine in the first effect pa sses through 
pipe F into the heating section of the second effect, gives heat to 
brine in the second effect and in doing so is condensed. This con- 
densation of the vapor produces a partial vacuum in the first effect, 
thus lowering the boiling point of- the brine in that effect and hence 
aiding evaporation. 

The vapor of the brine of the second effect is conducted to the 
heating chamber of the third effect, imparts heat to the brine in that 
effect, producing a partial vacuum as in the first instance. The 
vapor from the third effect passes to an air pump. This air pump 
maintains a good vacuum in the third effect and in consequence 
the boiling-point of the brine in that effect is very low indeed. 

The vacuum in the second effect is not good as in the third, and the 
boiling-point of the brine in that effect is a little higher. In the 
first effect the poorest vacuum exists and in consequence the brine 
here has the highest boiling-point of all and therefore requires the 
most heat, which is supplied to it from the boiler or the exhaust of 
the engine operating the air pump. It is because of the different 
boiling-points of the brine in three effects that the heat of the vapor of 
brine in the first effect is enabled to evaporate the brine in the 
second effect and the vapor of brine in the second effect is able 
to evaporate the brine in the third effect. In each one of the three 
effects of this apparatus salt is being extracted, the solid matter 
settling to the bottom of the chamber C from which it can be with- 
drawn by means of the two valves without disturbing the operation. 
The salt and some brine with it are deposited on a filter in the cham- 
ber D, The salt is here washed and the brine below the filter is 
returned to the evaporating chamber through H. The salt is then 
removed and a new supply of brine introduced through G. In 
this way the operations can be made practically continuous and 
in many plants automatic. 

In some of the salt machines, instead of having two valves for 
withdrawing the salt without disturbing the partial vacuum, the 
lower part of the apparatus consists of a pipe running down such a 
distance that the partial vacuum will equal the hydrostatic head 
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and consequently the salt may be removed without the use of any 
valves whatever, 

CooceotratioD of Liquors. — In the concentration of syrups and of 
many liquors, it is highly important that the liquors should not be 
heated too highly or they will be scorched. To avoid this, the liquor 
is moved through pipes at a velocity so great that there is no oppor- 
tunity for the syrup to become scorched. 

In the concentration of liquors, a partial evaporation is seaired in 
one effect and the vapor of the liquor separated from the liquor 
itself. Both vapor and liquor are then introduced into a. second 
effect which has a lower pressure, and here the vapor from the first 



Fio. 19. — Vacuum concentration of liquors. 

effect gives heat to its own liquor and the liquor is still further 
concentrated; the resulting liquor and vapor of this second effect 
are separated as in the first instance and introduced into a third 
effect where the concentration is carried still further. In some 
evaporators this is continued in a fourth effect and a still fiH'ther 
concentration of the liquor secured. 

Figure 19 shows an evaporator of the type just explained. 
The operation is as follows: The steam which may be either the 
exhaust from an engine or live steam from a boiler is led into the 
cylindrical chamber through A. The liquid to be concentrated is 
fed in through the tubes B and enters the evaporator in a small 
but continuous stream and immediately begins to boil violently, 
becoming a mass of spray containing, as it rushes along the heated 
tube, an increasing proportion of steam. The outlet of the tube C 
being at a lower pressure than B, the contents are propelled through 
the^tubes at a high velocity, finally escaping into the separator D, 
Here the steam or vapor with its entrained liquid is discharged with 
considerable force against the baffle plates E, causing the liquid to 
be separated from the vapor, the concentrated liquor beii^ drawn 
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off through a trap F, while the vapor escapes through G to enter the 
second effect where its Jieat still further concentrates the liquid, 
which is conducted from F of the first effect to the second effect, 
entering through pipes similar to B, The liquid is led from the bot- 
tom of the separator of ^the first effect into the coils of the second 
effect and is further concentrated, passing in this way through the 
entire system or "train.'' 

The volume of the liquid is being continually reduced as it passes 
through these effects, and as the pressure falls in passing from one 
effect to the next the boiling-point is lowered. That in the last 
effect being the lowest of all, the required low pressure for this effect 
is secured by a vacuum pump. This relative reduction in pressure 
and consequently of the boiling temperature automatically adjusts 
itself, no matter how many effects are used, thus effecting the boiling 
of the liquid by the steam produced from the same liquid when in the 
preceding "effect." 

One of the advantages claimed for this system of evaporation of a 
liquid in the form of a spray subjected to heat under a vacuum is 

that it receives the heat 

quickly and is concentrated 
slightly at one temperature, 
then still more at the lower 
temperature of the next 
effect, and so on, thus re- 
ducing the danger of over- 
heating. The rapid move- 
ment of the liquid aided by 
the vapor which is moving 
in the same direction keeps 
the liquid in the form of a 
spray, thus taking up very 
quickly the heat given to it. ////////^/////////////^^^^ 

Evaporation of Cane Juice, pio. 2o.—Vacuum concentration of liquors. 
— The cross-section of a still 

different type of evaporator is shown in Fig. 20. The liquid or cane 
juice is introduced through A and is sprayed from holes in pipe B over 
a series of steam-pipes. The partially concentrated liquor falls into 
chamber C and is drawn from there by a centrifugal pump D and 
forced into the next effect through a pipe similar to A and B of the 
first effect. Steam for heating the first effect is introduced through 
pipe E and, after imparting heat to the liquor, is condensed. The 
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water falling to the bottom, as shown, is drawn off through F. The 
vapor from the liquor that has been partially concentrated escapes 
through G and is introduced to the heating chamber of the second 
effect through a pipe corresponding to E of the first effect. As the 
pressure of the second effect is lower than the pressure of the first 
effect, the condensed steam from this effect is also introduced into 
the second effect, and, being at a temperature above that of boiling- 
point of water at this lower temperature, it gives heat to this effect 
and helps to evaporate the liquor in it. 

Vacuum Cleaners. — One of the most recent applications of air 
at pressure below the atmosphere consists of vacuum cleaners of 
various types for removing dust and dirt from floors and walls, 
furniture, etc., in buildings. Although many t3rpes of machines 
for producing the required vacuum are on the market, they may be 
grouped under two heads, namely, portable and stationary types. 
In the former type of vacuum cleaner, the machine is moved about 
the room, drawing dust and air through a pump and discharging 




Fig. 21. — Syphon. 

into a cloth receptacle, from which the air can escape and in which the 
dust is trapped. This type of cleaner has the advantage that it is 
comparatively cheap, but has a disadvantage in that germs are 
discharged with the air into the room, and from the hygienic point 
of view this is considered objectionable. 

The objection mentioned is removed in the second type of cleaner, 
in which the machine is permanently located in the basement of 
the building and vacuum pipes lead to the various rooms and floors, 
to which the hose and cleaning tools are attached. This type of 
machine is naturally more expensive, but finds considerable favor in 
large office and hotel buildings. 

The piston type of air pump is used as well as fans, bellows, and 



AIR AT PRESSURES BELOW THE ATMOSPHERE 37 

rotary blowers. This field of usefulness for air at low pressures has 
increased to a remarkable extent, but the industry cannot yet be 
said to be on a fixed basis; that is, there is still considerable informa- 
tion needed regarding the proper suction pressures to secure the req- 
uisite cleanliness without injuring the fabric of rugs and hangings. 
Syphon. — A discussion of the uses of air at pressures beJow the at- 
mosphere would not be complete without some reference to the 
syphon (Fig. 21). jB is an air chamber, C a water seal for the valve F, 
D 3L funnel for filling the syphon and also for sealing valve K against 
air leakage. After the syphon has been filled, valve K is closed and 
G and H opened. This starts the syphon in operation. The air 
that comes in with the water and through the joints of the pipe 
collects in chamber B and may be discharged by closing valve F, 
opening valve K, and filling chamber B with water. Then close 
valve K and open valve F and any air below C will rise into chamber 
B and the water will take its place without stopping the running 
of the syphon. 



CHAPTER VI 

AIR AT LOW PRESSURES 

Uses of Air at Low Pressures. — Probably the principal uses made 
of air at low pressure are for cupolas, furnaces, blacksmith fires, for 
conveying light materials, as shavings, etc. A very large field for air 
at low pressure is for purposes^of^yentilation^for school buildings 
churches, theaters, assembly halls, factories, mines and tunnels, etc. 
Its use in this field dates back to the sixteenth century, and while for 
many years very little thought was paid to it, to-day considerable 
attention is paid to .the subject of ventilation. In fact, no heating 
system for home, school-house, factory or office building is complete 
without some system for removing the foul air and replacing it with 
fresh air. 

To secure the necessary movement of air in buildings where the 
number of cubic feet of room per person is a limited quantity, a 
positive circulation is secured bj^ intrcJducing the fresh air at a pres- 
sure a few ounces above the atmosphere into the room, or by drawing 
the foul air from the room by means of an exhaust fan. 

Compressors for Low Pressures. — The principal machines used 
for moving air for ventilation and other purposes, either by pressure 
or suction, are: the centrifugal fans or blowers, the positive blower 
of the piston or rotary type, and the jet pumps from which are dis- 
charged jets of steam or compressed airi The requirements for good 
ventilation demand that large volumes of air must be moved at com- 
paratively low velocity and pressure, which is not a favorable con- 
dition for high efficiency and can in general be better satisfied by a 
centrifugal fan or blower than by any other machine; it may also 
be stated that the fan is comparatively cheap to install, is simple in 
construction and possesses a fair efficiency. 

Tables giving requisite information regarding fans for various 
purposes can be secured from any of the fan manufacturers, and 
engineering handbooks usually contain considerable data taken 
largely from these catalogs. 

38 



AIR AT LOW PRESSURES 39 

It is well to remember, however, that these tables are apt to over- 
rate the capacity and under-rate the required power for operation. 
Centrifugal fans are in use furnishing air at pressures varying from 
1/4 oz. to 20 oz., and are constructed in all sizes, the largest, of course, 
being used where large volumes of air are to be moved at very low 
velocity. 

Air for Forges. — An article by William Sangster in the Transac- 
tions of the American Society of Mechanical Engineers, in Volume 22, 
page 354, gives the following approximate rules of the air required 
for forges and cupolas. The maximum pressure required for forges 
is about 4 oz. per square inch, the ordinary pressure about 2 oz.; 
140 cu. ft. of free air per minute is ample and it is estimated that it 
requires about 1/4 h.p. to furnish air for an ordinary forge. It is 
customary to estimate that an exhaust fan for a blacksmith-shop 
must remove four times the amount of air delivered at a pressure of 
3/4 oz., and that to do this will require about 1/5 h.p. per forge. 
Roughly speaking, if the number of forges is divided by 4, the horse- 
power required to furnish the blast can be found, and if the number 
of forges is divided by 5, the horse-power required to exhaust the 
smoke can be found. 

These exhaust fans run at a much slower speed than the pressure 
fans and as the pressure of the exhaust air is much lower than the 
blast the power required for their operation is less, although they 
move four times the volume that the pressure fans do. In some 
installations one fan does the work of forcing the blast and ex- 
hausting the smoke, but as the requirements of a blast fan are so 
different from those of an exhaust fan, such a combination is not 
economical. 

Air for Cupolas. — ^The air required to melt iron in cupolas may be 
taken as 40,000 cu. ft. per ton of iron melted, and the horse-power 
required as three-tenths of the number of tons to be melted per hour, 
multiplied by pressure of the blast in ounces per square inch. It is 
well to remember that these figures do not take account of losses in 
the piping system. These results will, no doubt, fall far short if 
the pipe system is poorly designed with sharp elbows, small diame- 
ters, etc. 

Air for Ventilation. — In estimating air required for ventilation, the 
data in Table IV is frequently used: 
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TABLE IV.— AMOUNT OP AIR REQUIRED FOR VENTILATION 



Allowable parts of carbonic 


Cubic feet of air required per person 


acid in 10,000 of air 








m room. 


Per minute 


Per hour 


S 


100 


6,000 


6 


SO 


3,000 


7 


33 


2,000 


8 


25 


1,500 


9 


20 


1,200 


10 


16 


1,000 



TABLE v.— AIR SUPPLY FOR VARIOUS BUILDINGS 



Air supply per occupant for 



Cubic feet 
per minute 



Cubic feet 
per hour 



Hospitals 

High schools 

Grammar Schools , . . . . 

Theaters and assembly halls 
Churches 



80 to 100 

50 

40 

25 
20 



4,800 to 6,000 
3,000 
2,400 
1,500 
1,200 



TABLE VI.— AIR SUPPLY FOR VARIOUS ROOMS 



Use of room 



Changes of air 
per hour 



Public waiting-room 

Public toilets 

Coat and locker-rooms 

Museums 

OflSces, public 

Offices, private 

Public dining-rooms 

Living-rooms 

Libraries, public 

Libraries, private 

Fuming cabinets for chemical laboratories 



4 to 5 

5 to 6 
4 to 5 

3 to 4 

4 to 5 

3 to 4 

4 to 5 

3 to 4 

4 to 5 

3 to 4 
30 to 60 



The following material on fans and blowers is taken from a lecture 
by Mr. H. de B. Parsons, Consulting Engineer, delivered before the 
Junior Class of Columbia University: 
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FANS OR BLOWERS 

"A fan or blower is a machine for impelling gas, i.e., for producing 
a current of gas. In the majority of cases the gas impelled is air. 

"There are many purposes for which a fan is used, such as for 
heating, cooling and ventilating buildings, either by exhausting air 
from, or forcing air into, the apartments; for blowing the fire of a 
forge or cupola; for creating artificial draft for fuel combustion; for 
work pertaining to drying; for carrying away obnoxious gases and 
discharging them at a point where they will not create a nuisance; 
for carrying away grindings and waste products so that they may 
not aflFect the workmen; for conveying light materials, such as saw- 
dust and small particles, and permitting them to settle in dust 
chambers; and for the circulation of air in mines and places where 
explosive gases may collect. 

"When fans are properly selected for their work they will give 
satisfactory and economic results, and will require little attention 
for maintenance. 

"The conditions of pressure and density of the gas and of speed 
and capacity of the fan govern the size, tjrpe and proportion of the 
fan and its housing. These conditions are closely related, and all 
affect the design that should be selected. Even moderate differ- 
ences in the conditions of operation will have considerable effect 
upon the power necessary to drive the fan. It therefore follows 
that a fan should be designed for the conditions under which it is 
to operate, and conversely, that a fan should be operated under the 
conditions for which it was designed. 

" Fans are not economical machines to operate against high pres- 
sures. In such cases a blowing engine or compressor will be the 
better." 

Classification 

"There are a number of types in use, but nearly all blowers and 
fans can be classified under one of the following heads: 
(i) Rotary blowing machine. 

(2) Disc, axial or propeller wheel fan. 

(3) Centrifugal fan, either a fan blast or cone wheel. 

(4) Turbine blast or high-speed centrifugal fan. 

"Type (i) is a positive or displacement discharge machine, and 
is a blower or exhauster. 

"Type (2) is an axial discharge fan. 

"Type (3) and (4) are peripheral fans. 

"All of the types can be used for exhausting or for blowing, 
although some are less suitable for exhausting than others. There 
is a material difference in the selection of a tjrpe for an exhaust 
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machine, when pressures above the atmosphere on the discharge 
side of the fan are considered. The disc fan makes a good exhauster 
when a pressure above that of the atmosphere does not have to be 
maintained on the discharge side, but when such a positive pressure 
has to be maintained a centrifugal machine is the more suitable. 

Definitions 

"There are certain terms used in fan work which are recognized 
as having specific meanings. 

"Fan Pressure or Draft. — Fan pressure or draft means the 
difference between the pressures on the suction side and oh the 
discharge side of a fan. The diflFerence in pressure is expressed 
either in oimces per square inch or inches of water. 

" When a fan is used as an exhauster discharging into the atmos- 
phere, there will be a partial vacuum on the suction side and slight 
pressure on the discharge side. In this case the vacuum is expressed 
as the number of ounces or inches of water below the atmospheie, 
and the fan pressure or draft is measured by the difference. It is 
just the same as if the suction were at atmospheric pressure and the 
discharge at the same number of ounces above the atmosphere. 

"Fan Capacity. — Capacity means the maximum (^ischarge of free 
air from a fan in cubic feet per minute against a pressure cor- 
responding to the speed of the tips of the blades. This condition is 
satisfied in the case of a centrifugal machine when the velocity of 
the gas entering the inlet is equal to the velocity of the inner edge 
of the floats at inlet. 

"Housing. — ^The casing in which a fan operates is called the 
'housing.' It is made of metal, of brick, or of wood. Frequently 
the fan is so set as to project into its foundation, and in such cases 
the casing only covers the portion which projects above the founda- 
tion. The fan is then said to have a three-quarter housing. Of 
course the inlet must be above the foundation or a free passage must 
be provided to it. 

"Free Discharge. — A fan is said to have free discharge when the 
blast is free or unrestricted. This condition is maintained when the 
total head is practically equivalent to the velocity head. The total 
head is equal to the velocity head plus the friction head, and with 
a free discharge head the friction head is practically zero. 

"Restricted Discharge. — A fan is said to have a restricted dis- 
charge when the blast is restricted by ducts or by pressure reservoirs. 

"Free and Restricted Suction. — Similarly to free and restricted 
discharge, a fan may have either a free or a restricted suction, 
whereby the gas has either a free or unrestricted entrance into the fan, 
or a restricted entrance caused by ducts or a reduction in the pres- 
sure on the suction side. 
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'^Coefficient of Contraction. — ^The ratio of the area of the vena 
contracta to the area of the orifice is called the 'coefficient of con- 
traction.' 

"Coefficient of Velocity. — As the stream of gas passes the vena 
contracta its velocity is somewhat increased, and the ratio of the 
actual velocity to the theoretical velocity is called the 'coefficient 
of velocity.' In a well-shaped delivery orifice this coefficient of 
velocity is not far from unity. 

''Coefficient of Efflux. — ^The 'coefficient of efflux' is the product 
of the coefficient of contraction and the coefficient of velocity. 

"Volume of Discharge. — ^The volume of gas discharged by a fan 
is a function of the product of the velocity of the gas times the area 
of the outlet, times the coefficient of efflux. 

"Blast Area. — ^The blast area of a fan is the theoretical area of 
outlet whose coefficient of efflux is unity. The volume of discharge 
is equal to the blast area times the velocity of discharge. Therefore, 
the blast area equals the capacity divided by the velocity due to the 
velocity head. The stream of gas issuing through an outlet is re- 
duced in area, depending on the shape and character of the orifice. 
This reduced area is called the 'vena contracta' and is usually at a 
distance from the opening of about half its diameter. This vena 
contracta is caused by the change in direction of the flow of the mole- 
cules of the gas as they pass the opening." 

Measurement of Draft 

"The measurement of draft, either static or both static and veloc- 
ity pressures is obtained by noting the difference in level of a liquid 
in the arms of a tube bent on the form of a U, of which one end is 
connected with a proper tube to the space in which the draft is to 
be measured. The liquid is generally water although for heavy 
pressures mercury is sometimes used. 

"There are different forms of gages which can be bought in the 
market but for ordinary work the simplest forms are the best. 
Some of these instruments are so made that they will give a con- 
tinuous record, and for certain kinds of work these continuous 
records are of considerable value. 

"Anemometers are used for measuring the velocity of the gas. 
Readings should be taken at many points in the cross-section of the 
current, and even at the same points consecutive readings will not 
agree. Multiple readings therefore should be made in order to aver- 
age up these irregularities. 

"Fan draft is always expressed in ounces per square inch or in 
inches of a water column whose weight is equal to the ounces per 
square inch. The velocity corresponds to this pressure, when the 
friction head is zero. 
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"When the pressure exceeds two or three pounds per square inch 
as is the case with many positive blowers, the pressure is then 
generally expressed in 'pounds per square inch.' 





TABLE VII. 


—PRESSURES IN OUNCES PER SQUARE INCH 








Corresponding to Various Heads of Water in Inches 






Head 

• 








Decimal parts of ai 


i inch 




• 




m 
inches 
















« 








o.o 


O.I 


0.2 


0.3 


0.4 


o.S 


0.6 


0.7 


0.8 


0.9 


o 




0.06 


0.12 


0.17 


0.23 


0.29 


0.35 


0.40 


0.46 


0.52 


I 


0.58 


0.63 


0.69 


0.7s 


0.81 


0.87 


0-93 


0.98 


1.04 


1.09 


2 


1. 16 


I. 21 


1.27 


^33 


1-39 


1.44 


ISO 


1.56 


1.62 


1.67 


3 


1-73 


1.79 


1.85 


1. 91 


1.96 


2.02 


2.08 


2.14 


2.19 


2.25 


4 


2.31 


2.37 


2.42 


2.48 


2.54 


2.60 


2.66 


2.72 


2.77 


2.83 


5 


2.89 


2.94 


3.00 


3.06 


3.12 


318 


3.24 


3- 29 


3-35 


3.41 


6 


3-47 


3 52 


3.58 


364 


3.70 


3.7s 


3.81 


3.87 


3.92 


3.98 


7 


4.04 


4.10 


4.16 


4.22 


4.28 


4-33 


4-39 


4-45 


4- 50 


4-56 


8 


4.62 


4.67 


4.73 


4.79 


4.8s 


4.91 


4.97 


503 


5. 08 


5.14 


9 


5.20 


5.26 


531 


5.37 


542 


5-48 


5. 54 


S-6o 


5.66 


5.72 





TABLE VIII. — HEIGHT OF WATER COLUMN IN INCHES 
Corresponding to Various Presstires in Ounces per Square Inch 




Pres- 
sure 

• 








Decimal parts of an ounce 




# 


in oz. 






















per 
sq. in. 


0.0 


0.1 


0.2 


0.3 


0.4 


0.5 


0.6 


0.7 


0.8 


0.9 







0.17 


0.35 


0.52 


0.69 


0.87 


1.04 


1. 21 


1.38 


1.56 


I 


1-73 


1.90 


2.08 


2.25 


2.42 


2.60 


2.77 


2.94 


3. II 


3.29 


2 


3.46 


3.63 


3.81 


3.98 


4.15 


4.33 


4- 50 


4.67 


4.84 


5.01 


3 


519 


5.36 


5.54 


571 


5.88 


6.06 


6.23 


6.40 


6.57 


6.75 


4 


6.92 


7.09 


7.27 


7.44 


7.61 


7.79 


7.96 


8.13 


8.30 


8.48 


5 


8.65 


8.82 


9.00 


9.17 


9-34 


952 


9.69 


9.86 


10.03 


10.21 


6 


10.38 


10.55 


10.73 


10.90 


11.07 


11.26 


11.43 


11.60 


11.77 


11-95 


7 


12. II 


12.28 


12.46 


12.63 


12.80 


12.97 


13.15 


13.32 


13.49 


13.67 


8 


13.84 


14.01 


14.19 


14.36 


14.53 


14.71 


14.88 


15.05 


15.22 


15-40 


9 


15.57 


15.74 


15.92 


16.09 


16.26 


16.45 


16.62 


16.79 


16.96 


17.14 
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Fan Efficiency 



Cl 



In the operation of a fan or blower there &re certain losses 
which must exist, the principal losses being: 

"i. Fluid friction and eddies caused by the movement of the 
gases. 

"2. Leakage of the gases backward through the fan or blower. 
This is sometimes called the 'slip.' 

"3. Mechanical friction of the moving parts of the apparatus. 

" Generally speaking, these losses increase with the speed of revolu- 
tion of the fan and also as the difference in pressure between the 
suction and discharge sides increases. 

"The efficiency of a fan or blower is the ratio of the useful work 
done on the air divided by the work required to drive the fan. Fans 
are generally driven by steam engines or by motors, and frequently 
the denominator of the efficiency ratio includes the work of driving 
the engine or motor. Such an efficiency is really the combined effi- 
ciency of the prime mover and fan. 

"The efficiency of a fan wheel with a housing varies with the ratio 
of diameter of inlet to diameter of wheel. The smaller this ratio 
the greater will be the theoretical efficiency so long as the area of 
outlet times the coefficient of efflux is not less than the blast area. 

" When a centrifugal fan has to work against high pressures, it is 
desirable, therefore, that the ratio of inlet to wheel diameter be small 
in order to get the benefit of this increase in efficiency." 



Flow of Gas Through an Orifice 

"Gas flowing through an orifice does not obey the same law as 
the flow of fluids. The reason of this is that gas expands from 
the higher pressure to the lower pressure as it issues through the 
orifice. 

"Imagine the gas in a reservoir R (Fig. 22) flowing from the short 
cylindrical orifice of section a. Imagine that the reservoir is kept 
supplied with gas so that its pressure remains constant. Suppose 
that the division 5 represents a pound of gas. 

"As the gas escapes through the orifice a, the pressure is kept 
constant, and the work OAEQ has been done upon the gas. The 
gas in expanding develops the expansive work EIMQy EI being an 
adiabatic curve. 

"The outer pressure P2 absorbs the work INOM, and the balance, 
AEINj is devoted to accelerating the particles of the pound of gas 
to a velocity v. 
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"Hence the work AEIN equals the actual energy of i lb. of gas 
moving with a velocity of v ft. per second or 



AEIN=(i lb.)X 



V' 



n 



Therefore » = \/2g {AEIN) ft. per second 

Taking the law of the curve £/ as />iz;i^=/>2V2'* = constant we 
have: 



n 



AEIN= X 144 /> 



w— I 



4-©-] 



J* — S — ->H- -s - - »t* " -s- 



I 



/f /?>/// f/j^>^}f I j?fffj?'^?^>?,i-r7*A 




P.-A 



Pg-N 



■<— S--->^ 






Fig. 22. — Flow of gas through an orifice. 





"Letting n = 1.405 the ratio of the specific heats and the exponent 
in adiabatic changes of air 

"-V-x„^x.«,4.-(S""] 



V = I ygJpiS r I - {^\ 1 ft. per second 

"It is found by taking the pressure at the orifice by a gauge G that 
if the gas flows into another reservoir kept at the back pressure p2 
the orifice pressure is identical with p2 if the latter is more than 
about 0.58/^1. That is, if Pi is 100 lb. per square inch absolute, any 
value of the back pressure greater than about 58 lb. gives this 
pressure to the orifice, but if the back pressure is the atmosphere 
the orifice pressure remains 58 lb. 

"It therefore follows that for — <o.58 the velocity given by the 
above formula exists at some point of the jet beyond the orifice at 
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a section ai> a due to the natural spread of the jet, while the velocity 
at the orifice or throat of the jet is that given by the formula for 

— -0.58. 
pi 

Loss of Head Due to Friction in Ducts 

« 

"The frictional resistance to the movement of a gas in a duct is 
proportional to the surface of the duct. It is, therefore, directly 
proportional to length and inversely proportional to diameter. It 
also, varies as the square of the velocity. 

"Therefore, the ducts should be of ample area, or the power lost 
in friction will be very great. Small pipes and high velocities 
should be avoided. 

"It is evident that after a certain size of duct is reached, any 
further change in size or velocity of* movement will only have a rel- 
atively small effect upon friction loss. The limit, therefore, is 
reached when the increase in space required and the cost will turn the 
saving in friction into a loss from a commercial standpoint. 

"Usual Velocity in Ducts. — In heating and ventilating work for 
theaters, hospitals, churches and large buildings, the limiting 
velocities usually selected are: 

(a) In ducts leading from force fans — 

In horizontal main ducts 1,600 ft. per minute 

In horizontal main branches 1,300 ft. per minute 

In horizontal branches to risers 650 ft. per minute 

In vertical risers 800 ft. per minute 

(b) In ducts leading to exhaust fans — 

In vertical risers 800 ft. per minute 

In horizontal ducts to fan 1,000 ft. per minute 

"The frictional loss in ducts can be calculated from the formulae 
for the movement of fluids. In addition to the friction loss of head 
caused by the passage of a gas through a straight duct, there is a 
loss at each bend or change of section. 

"In order to overcome these friction losses, it is necessary that the 
pressure at the fan end of the duct should equal the sum of the 
pressure desired at the open end of the duct, and the pressure 
necessary to overcome the losses in frictional head. 

" In all the following formulae the following notation has been used. 

Notation of Symbols 

A denotes the area of the duct in square inches. 
a denotes the blast area, or the * effective area of discharge' in 
square inches. 
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B denotes the diameter of duct in inches. 

C denotes the perimeter of duct in inches. 

c denotes a constant. 

D denotes the diameter of the fan wheel in inches. 

d denotes the density of the gas, i.e., its weight in pounds 

per cu. ft. 
E denotes the combined efficiency of fan and its prime mover. 
e denotes fan efficiency, or ratio of useful work to work of driving 

fan. 
g denotes the acceleration due to gravity in feet at the end of one 

second, 32.16 ft. 
h denotes the equivalent head, i.e., the height of a column of gas 

in feet having a density d, whose weight will produce the velocity 

pressure p ounces per square inch. 
K denotes the capacity of a fan in cubic feet per minute. 
I denotes the length of duct in feet. 

n denotes the number of revolutions per minute of fan wheel. 
P denotes the total pressure against which a fan is working.^ 
p denotes the velocity pressure in ounces per square inch (or inch 

of water) against which a fan is working.^ 
t denotes the absolute temperature, or 460°+ F. 
Q denotes the volume of gas discharged by a fan in cubic feet per 

second. 

V denotes the peripheral velocity of fan wheel in feet per second. 

V denotes the velocity of gases in feet per second due to pressure p. 
W denotes the width of fan wheel in inches. 

/w denotes the width of blades of fan wheel at periphery in inches. 
fe-^ "Pipe Losses. — Frictional losses are very hard to calculate, as 
so much depends on the smoothness of the surface and the material 
of which the ducts are made. 

"The loss due to surface friction can be estimated from the 
formulae: 

"For circular ducts of galvanized iron, carefully made, 

P = ^ 

^ 25,000 B 

"For rectangular ducts of galvanized iron, carefully made, 

^ 100,000 A 

in which p denotes the loss of pressure in ounces per square inch. 
This is an empirical formula based on Weisbach's general formula 
for the flow of fluids. 

1 The total pressure against which the fan is working is p+Pa, in which pa is 
the static pressure. 
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'* Bends create an additional loss which are hard to estimate. For 
all practical purposes the frictional loss due to bends can be estimated 
sufficiently accurately as follows, when the ducts are of galvanized 
iron, carefully made and of fairly smooth surface: 

(a) For right-angle bends with the radius at the root of the bend 
equal to one duct diameter, allow an equivalent length of 
straight pipe equal to 
I I.I times the diameter 
of the duct. Thus in 
Fig. 23 if B =20 in., 
allow for the bend ii.i 

X2oor 222 in.or19ft.of N 

pipe. 

(b) For right-angle bends 
with a radius at the root 
of the bend equal to one- 
half the duct diameter, p^^ 23.-Right angle bend resistance, 
allow an equivalent 

length of straight duct equal to 29.5 times the diameter of 
the duct. 

(c) For 45-degree bends allow one-third of the loss for right- 
angle bends." 



Rotary Blowing Machines 

"A rotary blower is a positive pressure blower or exhauster, and 
is not a fan, although it is used for similar purposes. It is positive 
in its action and it operates by displacement. 

" A rotary blower costs more than a fan of equal capacity, but it is 
more economical than a fan when operating against high pressures, 
that is 8 oz. per square inch or more. Turbine blowers, however, 
are now being built giving efficiencies fully equal to that of rotary 
blowers. (See Chapter XI). 

"A rotary blower is more economical than a compressor when 
operating against pressures less than 7 lb. per square inch. Gener 
ally speaking, the compressor is more economical at pressures in ex- 
cess of 7 lb. 

"Rotary blowers can be arranged to give constant pressures or 
constant volumes. They can also handle liquids as well as gases. 

"A rotary blower (Fig. 24) consists of a casing in which two 

impellers revolve in opposite directions. Each impeller is of a 

double-lobe section symmetrical with its shaft, v The impellers are 

set so that the lobe of one impeller fits into the recess of the other. 

The impellers do not touch each other, nor do they touch the casing, 
4 
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although they should work as close as is possible without touching 
so as to prevent loss through leakage. 

"The air is drawn in through the inlet, is caught between the lobe 
of an impeller and the casing and forced around as the impeller 
revolves, and discharged through an opening situated in the casing 
diametrically opposite to the inlet. In order to keep the impellers 
at their proper relative speeds, one shaft is driven by the other shaft 
through a pair of gears. 



r 



Zi Pitch Did.'- 

\^- Fitch Diameter -> 




Fig. 24. — Cross-section through standard blower. 



"The pitch diameter of these gears controls the size and capacity 
of the machine. The radius of an impeller, or its half length, is 
made three-quarters of the pitch diameter of the gears. The casing 
consists of two semi-cylinders separated by a parallel section. The 
radius of the cylinders is equal to that of the impellers plus clearance. 
The width of the parallel section is equal to the pitch diameter of the 
gears plus the clearance. The speed of revolution is regulated by 
the safe speed at which the gears can be operated. 

"Blower Pressures and Capacities. — ^The limit of the gas pressure, 
in commercial sizes, is about 12 lb. per square inch. The standard 
commercial sizes have capacities varying from one-quarter of a cubic 
foot to 400 cu. ft. per revolution. 

"Two of the types of rotary blowers in use, are described by the 
shapes of the ends of the impellers, as cycloidal or involute. 
When the impeller ends are cycloidal they fit close to each other and 
leave no waste spaces or pockets. Such machines are adapted to 
handle wet gases and liquids as well as dry gases. When the 
impellers are cycloidal, the capacity per each revolution is equal to 
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the area of the pitch circle of the gears times the length of the 
cylinder. 

"When the impellers are involute, the capacity is somewhat greater 
than the cycloidal and depends on the diameter of the generating 
circle for the involute. This diameter is variable to suit the duty of 
the Slower. 

"The slip is largest in small machines, and least in large ones. 
Thus for machines displacing three-quarters of a cubic foot per revo- 
lution at I -lb. pressure the slip is about 60 to 70 revolutions, i.e., 
the machine has to make that number of revolutions to hold the 
pressure against leakage. For machines displacing 300 cu. ft. per 
revolution at i-lb. pressure, the slip is from 3 to 5 revolutions. The 
slip for intermediate sizes is about proportional and for pressures 
other than i lb. the slip will vary closely as the square root of the 
pressures. 

" For cycloidal types, the casing is i 1/2-pitch diameters high by 
2 1/2-pitch diameters wide. For involute types, the casing section 
is nearly the same, but depends on the circle on which the involute 
is rolled, and this depends on the duty for which the machine is 
designed. 

"The efficiency is variable, and for the larger sizes is between 80 
and 86 per cent, falling oflF gradually as the pressures exceed 3 lb. 
per square inch. For smaller sizes the efficiency is less. 

"Power for Rotary Blowers. — ^The horse-power required at the 
shaft or pulley to drive a rotary positive blower is proportional to 
the volume and pressure of the air discharged. It is safe to assume 
that for each 1,000 cu. ft. of free air discharged per minute at i-lb. 
pressure, 5 h.p. is required. The following formulae are sometimes 
used in calculating the horse-power. The first two formulae give 
the theoretical horse-power required; and in order to determine the 
horse-power necessary to drive the rotary positive blower it is 
necessary to divide the results obtained by the efficiency of the ma- 
chine. The usual efficiency is between 80 and 90 per cent. 



(i) h.p. = ^ 



.[©'-] 



11,000 

"This formula is used when it may be assumed that the air is 
compressed so quickly that it does not have time to cool to atmos- 
pheric temperature, as in nearly all blower work. 

33>ooo 
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"This formula is the ordinary "hydraulic formula" and is ordi- 
narily used for pressures up to 5 oz. 

, V , lb. per sq. in.XQ 
(3; li.p. = — 
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"This formula is frequently used by makers of positive or rotary 
blowers for determining the horse-power required to operate the 
machine. In this formula Q represents the volume of air in cubic 
feet per minute displaced by the impellers, no allowance being made 
for slippage. In the above formulae Pi represents the pressure of 
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Fig. 25. — Power consumed by rotary and piston compressor. 

the atmosphere or the suction pressure absolute in pounds per square 
foot and P the compression or discharge pressure in the same units. 
(See Fig. 25.)" 

Mechanics of the Fan 

"The laws that govern the flow of gases are the same as those for 
the movement of liquids. If py the pressure in ounces per square 
inch, is divided by 16 and this result multiplied by 144, the pres- 
sure will be expressed in. pounds per square foot. This may also 
be done by multiplying d or the weight in pounds of one cubic 
foot of the gas by its height or head h expressed in feet. 

That is: 



and as the fundamental formula for velocity is t»* = gh. 



t)=\/rp= J18 g 5 



d 



it 



LECTURE BY MR. H. DE B. PARSONS 63 

When p is given in inches of water: 



62.4 ^ ITT S'2/^, 

— - p = hd; h=^-/-^ 
12 a 



Therefore 



"4^ 



= -v/io.4g^ 



"The theoretical velocity obtained by using this last formula is 
greater than the actual velocity produced by the fan, because friction 
and eddies will restrict the freedom of flow. The formula, however, 
shows that the flow of gases through an orifice increases as the square 
root of the pressure and inversely as the square root of the density. 

"The head is made up of two parts — that necessary to overcome 
the friction and eddy losses and that necessary to produce the veloc- 
ity obtained. 

"The pressure produced by a fan may be considered as equal to 
the weight of a column of gas one square foot in area which the fan is 
supporting. This weight is equal to the height of the column times 
the density of the gas. The "equivalent head" is the height of 
this column of gas. Therefore, for any given pressure, the greater 
the head the less will be the density, and vice versa. Also, the 
greater the head required to produce a given pressure the greater 
will be the velocity. 

"As liquids have greater densities than gases, their equivalent 
heads for equal pressures will be less than the equivalent heads for 
gases. As velocities vary as the square roots of the head, the veloc- 
ity of gases will be greater than those of liquids under the same 
conditions of pressure. That is the reason why gases issue through 
orifices at greater velocity than liquids under the same pressure 
conditions. 

"As gases are compressible, their density will vary with the pres- 
sure. Their density also varies with the temperature and with the 
humidity contained. Since the velocity varies as the square root 
of the head, and as the head varies inversely as the density, any in- 
crease in density due to increase in pressure will reduce the head and 
consequently the velocity. 

"Conversely any increase in temperature reduces the density 
and consequently increases the head and also the velocity. The 
velocity is entirely dependent upon the head. Therefore, in mak- 
ing calculations for fan operations the effect of both temperature 
and density must be considered. For fan operation the standards 
generally adopted are: for temperature 60° F. and for density the 
weight of a cubic foot in pounds at atmospheric pressure or 14.7 lb. 
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per square inch absolute. When the density of the gas is given 
for any pressure and temperature its density at any other pressure 
or temperature can be found with sufficient accuracy for all ordinary 
fan operations, by assuming that the density will vary inversely as 
the absolute temperatures, and directly as the absolute pressures. 

Thus di = — 
h 



{( 



If a cubic foot of dry air weighs 0.077884 lb. at 50° F. its weight 



4. /: o ij 1. J (50+460) X0.077884 „ 

at 600 would be di=— ^ — —. — -r-^ — ^ = 0.03751 lb. 

600+460 ^ ' ^ 

'* Also, as the density varies directly as the absolute pressure 

P 

"The pressure per square inch at atmospheric pressure is 14.7 lb. 
absolute or 235 oz. Therefore, the density at 3 oz. gauge pressure 
would be: 

^^^ (235+3)Xo.o77884 ^ 
23s 

"The head can be expressed for 50° F. when p is given in ounces 
per square inch thus: 

^^ i44Xj^ ^ 9Xj^X235 ^ 211SP 
i6XJX^^^^ ^X(23S+/^) {27,sd+dp) 
23s 
"When p is expressed in inches of water as 

J 12 ^ _ 5.2Xj^X4o6.7 ^ 2115/^ 

, 406.7+j^ (iX(4o6.7+/>) 4o6.yd+pd 
406.7 

" Since 62.4 lb. the weight of a cubic foot of water at 50° F. divided 
by 12 is the weight of a column of water 12 in. square and i in. high, 
and since the pressure at one atmosphere (14.7) would sustain a 
column of water 33.9 ft. or 406.7 in. high; 

"Substituting these values in the formula for velocity and ex- 
pressing p as the velocity pressure in ounces per square inch 



v= LrY ^^^SP~ ^ / 64.32X2ii5J^ _, / i36o36.8j^ 
\ ^'^235d+dp V {2S5+p)d \i23S+p)d 
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When p is expressed in inches of water 

v= Lgv ^'^^SP~ ^ / 64.32X2ii5 ^^ / 136036.3/^ 
\ ^ /^o6.^d^-dp \ (406.7+/^)^ \(4o6.7+/^M 

For dry air at 50° F. J =0.077884. 

'* These two formulae are those used to calculate tables giving the 
theoretical velocities expected at different pressures. If the gas 
is not dry, but contains some vapor or moisture, its density will vary 
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Vapor Content, Grains per Cu. Ft. (7000 Grains • I Pound) 
Fig. 26. — Humidity of air. 

by the quantity of moisture which it contains. Fig. 26. (See Appen- 
dix C and chart.) 

"If the gas is at any other temperature than 50° F. its density 
will decrease as the temperature rises, and conversely will increase 
as the temperature falls. As the temperature varies so will the veloc- 
ity. As the gas becomes lighter from increases of temperature, 
the velocity will increase as the square root of the ratio of the abso- 
lute temperature considered to the absolute temperature of 50° F. 
The converse is also true, as the gas becomes heavier from decreases 
of temperature, the velocity will decrease in the same ratio.** 

Effect of Outlet on Capacity 

"The shape of the opening through which the gas is discharged 
from a fan affects the volume discharged in a given time. The 
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shape of the orifice and the form of the duct affect the size of the vena 
contracta and therefore the blast area of the fan and the volume of 
the gas discharged. 

"As stated, the volume of discharge is a function of the product of 
the blast area times the velocity and the blast area is determined 
by multiplying the area of the orifice by the coefficient of efflux. 
The coefficients of efflux commonly used in practice for different 
types of orifices are: 

Orifice in a thin plate o. 56 

Short cylindrical pipe o. 75 

Rounded off conical mouth piece '. o. 98 

Conical pipe, angle of convergence about 6 degrees 0.92 

"With peripheral discharge fans, when the area of the outlet of a 
fan multiplied by the proper coefficient of discharge is less than the 
blast area of the fan, the pressure in the housing will equal that 
corresponding to the velocity of the tips of the blades, and the vol- 
ume of discharge will be less than the capacity of the fan. 

"When the area of the outlet multiplied by its coefficient of dis- 
charge is greater than the blast area, the volume of discharge will 
be greater than the capacity of the fan, and the velocity of the gas 
as it enters the inlet must be greater than the speed of the inner edges 
of the blades. Consequently, the pressure in the housing will be 
less than that corresponding to the speed of the tips of the blades." 

Work Required to Move a Volume of Gas 

"A fan operating against i oz. of pressure per square inch and dis- 
charging the gas through an orifice having 100 sq. in. performs work 
which may be calculated in the following manner: 

"The total pressure against the fan is 100 sq. in. times the coeffi- 
cient of efflux (say 0.75) times i oz., or 75 oz. or 4.7 lb. 

"Assuming that the gas is air, then from the formula for velocity 
of dry air at 50° F. the air will have a theoretical discharge velocity 
through the blast area of 5,162 ft. per minute. 

"The effective work is, therefore, 5,162X4.7 or 24,250 ft.-lb. 
per minute or 0.735 h.p. The actual work of driving the fan is 
greater than this result by the amount of power required to over- 
come the mechanical resistance and losses in the fan. This resist- 
ance is made up of the losses due to friction, windage and leakage. 
If these losses aggregate as much as the network then the power to 
drive the fan would be twice the network, i.e., the efficiency of the 
fan as a machine would be 50 per cent. The actual power required 

to drive the fan would be ^^^ =1.47 h.p. 

0.50 
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"Placing the above in form of formulae and taking p in ounces per 
square inch, 

Useful work=Pt; = ^^ 



i6 



ft. lbs. per sec. 



Since P = 



_ap 



i6 



p dv^ 

From previous formula v^ = iSg^0T p=—^ 

Ordv^ 
Therefore useful woTk = —rzr- ft. lbs. per sec. 

288g ^ 

"When p is given in inches of water 

Useful work=Pt;='^^ — — ft. lbs. per sec. 

144 

Since P = -^X^X^=^''^^ 



144 



12 



144 



^ . . , « p dv^ 

From previous formula ?r = 10.4 g S, or p= — 

^ d ^ ID. 



Therefore useful work = 



$.2adv^ 



adv^ 



4g 



ft. lbs. per sec. 



144 X 10.4 g 288g 

"In these formulae, av is proportional to the volume of gas dis- 
charged by the fan. Since a is in square inches, the volume of cubic 
feet per second will be 

Q=— 
144 

" Representing the efficiency by E the work to drive the fan may be 
expressed as ^^^ ft. lbs. per sec. 

"From these formulae it will be seen that the power varies as the 
cube of the gas velocity, while the pressure varies as the square of 
the velocity and the volume directly as the velocity. 

"From a consideration of these factors it is evident that fans are 
more economical when used to move large volumes of "gas at low 
pressure than small volumes at high pressure. For this reason fans 
are not economical machines for compressing gases. In addition 
to the above, fans always have a clearance space between the 
revolving wheel and its housing, through which space the gases have 
a tendency when under pressure to leak backward, which tendency 
we have seen increases as the square root of the pressure. Fans are 
seldom used for pressures exceeding about 10 oz., when higher pres- 
sures are desired the positive blowers are more efficient and are used 
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for pressures as high as 8 lb. When still higher pressures are desired, 
compressors or blowing engines, such as described later should be 
used. 

"In the formula above the value of v is that due to velocity head. 
When the dynamic head is known, that is the velocity head plus the 
friction x>t static head, a simple formula for brake horse-power to 
drive the fan is: 

"When p is given in ounces per square inch 

brake h.p. = -y^ 

"When p is given in inches of water 

brake h.p. = rr^Er 

^ 550XE 

Design of Fans 

"It must be evident that unless a fan is properly designed for 
the work which it has to perform, there will be considerable loss in 
power required to drive it. 

"The peripheral speed of a fan must be such as to create the 
desired pressure. The pressure against which the fan has to oper- 
ate is first determined, and having settled on the pressure the 
peripheral speed is made to conform with it. 

"Furthermore, if the fan be direct connected either to an engine 
or to a motor, the speed of the fan will have to conform to that of 
the prime mover. 

"The work formulae given above are all based on the blast area 
of the fan. The way in which these formulae will apply to the differ- 
ent types of fans will be made clearer under 'Description of Fans.' 

"For any size of centrifugal fan there exists a certain maximum 
area over which a given pressure may be maintained, depending 
upon and proportional to the speed at which the fan is operated. 
If this area, sometimes called the 'capacity area,' 'blast area' or 
' effective area of discharge ' be increased, the pressure is lower while 
the volume is increased. Contrariwise, if this area be decreased, 
the pressure remains constant while the volume is increased. In 
practice the outlet of a fan rarely exceeds the 'blast area.'" 

Description of Fans 

"A disc, radial or propeller wheel fan consists of a machine having 
blades so mounted on an axle or shaft that when the shaft revolves 
these blades operate like a screw, and the gas is impelled forward 
in the direction of the axis. 

"The blades may be straight and flat or curved. The blades may 
be curved in different ways so as to increase the screw effect and 
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diminish the centrifugal effect. Disc fans with curved blades will 
operate against slightly higher pressures and deliver more gas than 
those with straight blades. 

"As the gas enters the fan it will be forced forward with some 
centrifugal effect; and this centrifugal effect can be somewhat 
reduced by having the blades revolve inside of a tube so as to pre- 
vent the gas from escaping over the outer edges of the blades. 
. "Disc fans will not operate economically against a pressure, as 
the pressure will increase the slip and the leakage of the air from the 
blades at the tip. If the pressure is at all high the gas will be drawn 
backward near the axis and will be blown forward near the outer tips 
of the blades, or in other words, the fan disc will simply circulate 
the air without making any delivery. 

"Disc fans operate best when drawing gas from a practically free 
suction and discharging it at no pressure. When these fans are 
set up care must be taken that they do not operate against the wind, 
as the wind pressure will vitiate the operation of delivery. 

"The number of blades appear to have a small effect upon the 
discharge, provided, of course, that the number is neither too large 
nor too small. Too many blades will simply churn the air and 
produce the effect of cavitation. Too few blades will not give a 
sufficient grip on the air to force it forward with the proper 
delivery. 

"The gas delivered by a disc fan is very irregular in velocity. If 
anemometer readings are taken at different points in front of the 
disc, the recorded velocities will be found to vary without apparent 
reason, and the variation will not remain constant. It is, therefore, 
very hard to determine the mean velocity of discharge of the gas. 

"The number of revolutions ig limited by the strength of the fan 
and by the fact that a high Velocity will cause the fan to hum and 
be noisy. The revolutions are usually limited so that the velocity 
at the tips of the blades shall not exceed 8,500 ft. per minute. (For 
noiseless operation, 4,000. Usual maximum 7,000). On this as- 
sumption, if D denotes the diameter of a fan in inches and 

n denotes the number of revolutions per minute. 

Then T^Dn r y \ 

= 8,500 and Dn = ^2,ooo (nearly). 

"This last equation may be used to determine the limiting revo- 
lutions or diameter by assuming one or the other. 

"The volume of gases discharged by a disc fan with a free suction 
and discharge can be estimated from the formula: 

2 = 1/47: — v in which ^=0.397 
144 
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**The brake horse-power for the fan with the above value of Q 
can be estimated from the formula: 

T> 1 . QXdXv^^^ ^^ I 13.5 is a constant \ 

Brake horse-power =^^ — X13.5 (r jr • ) 

SSoX2g '^ ^ \found from expenence/ 

"When a disc fan operates against a pressure, i.e., not with a free 
suction and discharge the above formulae must be changed as Q 
becomes less because the slip becomes greater. 

(D\ 2 
— ) v^ in which v^ equals 1.25?? less 45 

per cent, of the theoretical velocity due to the pressure against 
which the fan is working. 

"The brake horse-power will be the same as if the fan were work- 
ing without restriction, although the volume of discharge Q will be 
less. 

"Example: Free suction and discharge. Fan wheel 48 in. in 
diameter running at 450 revolutions per minute. Find Q and 
brake horse-power. Dry air at 50° F. 

t'=o.39X3.i4X*^X^=36.8 

e = i/4X3.i4x(*^)'x36.8 = 462 

462X0.077884X36.83/^X13.5 ,^, 

Brake horse-power = ^^ ^^ = 3 -o? 

^ 550X64.32 

"Also restricted discharge. Find Q and brake horse-power for 
the same fan and conditions when operating at 5/8 in. of water- 
pressure. 

"The velocity due to s/8-in. water pressure is 51.8 ft. per second. 

»^ = 1.25X36.8—0.45X51.8 = 22.8 

48> 



e=i/4X3.i4X(^)'x22.8=286 



"The brake horse-power would be 3.07 because it is approximately 
the same as if the fan were working unrestricted. It is found by 
substituting the unrestricted value of Q instead of the actual re- 
stricted value. 

^'Centrifugal Fans. — Centrifugal fans operate on the principle of 
the vortex. They suck the gas in and discharge it off the periphery 
of the wheel by centrifugal action. 

"Fan Blast or Steel Plate Machine. — ^The fan wheel consists of 
an axle or shaft on which are mounted radial arms carrying floats or 
blades. Each blade is narrower across the tip than it is across the 
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body. The blades are mounted inside of side plates, so that the 
gas is confined in the spaces between the blades, which thus form 
passages from the suction to the discharge side of the fan. These 
side plates also prevent the loss of friction between the revolving 
air and the sides of the housing. 

"Sometimes the blades are curved backward at the tips so as to 
make the fan run more quietly, and sometimes the blades are curved 
backward for their whole depth so 
that the gas may enter the wheel 
and pass through it without shock. 

"When fan wheels have flat 
blades, they can be run equally 
well in either direction, but when 5|^ 
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the blades are curved, the wheels 
should revolve with the convex 
sides of the blades in advance. 

"When these fans are used for 
blowers, there is usually an inlet 
on both sides of the housing; and 
when used as exhausters, usually 
an inlet on one side only, as it 
facilitates the connection with the ^f^Z^j^rtions* 
suction duct. 

"The diameter of inlet is gener- 
ally 0.6 or 0.7 of the diameter of 
the fan wheel. 

"For high efficiency the area of 
inlet should not exceed 40 percent, 
of the disc area of the wheel. 
The full width of the blades is 
generally made either one-half or three-eights of the diameter of 
the wheel. The blades are generally cut off at the upper outer 
corners so as to taper at the tips at an angle of about 20 degrees 
with the side edges, but their width at the periphery should be not 
less than 0.6 to 0.7 of the width at the root, i.e., not less than their 
maximum width times the same ratio as was chosen with the ratio of 
inlet to wheel diameter. Usually ^ = 0.4 D and ^=0.5 D (see 
Fig. 27). 

"The width of the fan is made such as to provide the proper area 
for the flow of the gases through it so as to discharge the required 
volume. If the diameter of the fan wheel is made too small, it may 
not be possible to give the wheel sufficient width to permit the 
necessary discharge of volume, unless the fan is run at a very high 
rate of speed. This increased speed will result in raising the pres- 
sure above that required, and will, therefore, increase the power 



Fig. 27.— Steel plate fans. 
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necessary to drive the fan. Contrariwise, if the wheel be given 
a large diameter it may have to be made so narrow, in order to dis- 
charge the required volume, as to become impracticable. It will, 
therefore, be seen that under any given conditions there will prob- 
ably be one diameter and width which will be best suited for the 
work. 

"The blades of this type of fan are given sufficient depth so as to 
project inside of the circle of the inlet in order that they may better 
grip the incoming gas and force it through the wheel. 

"With a peripheral discharge fan enclosed in a housing, the limit 
of its capacity to maintain a given pressure is measiu'ed by its blast 
area. In other words the velocity of discharge will be approxi- 
mately equal to the peripheral speed of the fan, and the volume will 
be measured by this velocity times the blast area. 

" If the blast area be increased the pressure will be less, and if the 
blast area be decreased the pressure will remain the same. For a 
peripheral discharge fan with a housing the blast area can be cal- 
culated as follows: 

Let D denote diameter of fan wheel in inches; 

w denote width of fan wheel at periphery in mches; 
c denote a constant, depending upon the design of the fan 
and its housing, but which has a value not far from 2 1/2 to 

a denote the blast area in square inches. 

^, wD wDf . . 

Blast area=a = — = — rVnearly). 

c 2,6 ^ 

"If the shape of the discharge orifice and ductT>e known, and the 
coefficient of contraction determined, the area of the discharge orifice 
would be the blast area, as determined from the above formula 
multiplied by the reciprocal of the coefficient of contraction. 

"The usual maximum peripheral velocity for standard fans is 
6,600 (for noiseless operation about 4,200) ft. per minute, but should 
not exceed 8,000 ft. per minute. This latter figure limits the pres- 
sure to I 3/4 oz. per square inch but special fans may be designed to 
maintain a pressure as high as about 1 2 oz. 

"The volume past the blast area is about 86 per cent, of the 
peripheral speed. In other words, the peripheral speed must be 
1. 16 times the velocity due to the pressure of V =1.16 v. 

T/ 

Therefore w= 



wheel circumference 



"The efficiencies without prime movers vary from 45 to 50 per 
cent, for commercial sizes when using dynamic head, or from 30 to 35 
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per cent, when using velocity lead. The outlet is generally made 
square, and its area is usually about two and one-half times the 
blast area, or A =2 1/2 a, but never less than i 1/2 a, 

"This proportioning will make the bottom of the outlet below the 
periphery of the wheel. The efficiency of commercial sizes is about 
45 to 50 per cent, without a prime mover. If the prime mover 
efficiency is taken at 85 to 90 per cent, then the total efficiency of 
the fan and prime mover would be between 38 and 45 per cent. 

Example: 

"Given the quantity of air per minute, 65,000 cu. ft., the temper- 
ature of dry air 70° F. and the pressure i 3/4 in. of water. Deter- 
mine the diameter of fan, revolutions and brake horse-power. 

Under these conditions the density of the gas or its weight per 
cubic foot may be taken as 0.0754 lbs. 



^=xL ^^36036.8x1.75 ^88.0 

\ (406.7+1. 75)Xo.o754 

65000 a X 88.0 _, . 65000X144 

-^ — = Therefore a= "l ^^^ =1,770 

60 144 60X88.0 ■" 

Making w=o.4D 

i,77o = -Y5-' D^=ii,5oo, D=io7 

F = i. 16X88.0 = 102 

107 
Wheel circumference = X3. 14 = 27.9 ft. 

^, ^ 60X102 

Therefore n = = 220 

27.9 

With E as 45 per cent, the power to drive the fan is 

_ , , 1770X0.0754X88^ 

Brake horse-power .. ^^^ tt;, - = 40 

^ 550X288X32.16X0.45 

^'Housing. — The housing is placed around the wheel in an eccen- 
tric position and has a form approaching the spiral. This arrange- 
ment facilitates the gas delivery from the wheel. The openings 
for discharge of the gas are tangential to the wheel. There may be 
one or more openings as circumstances demand but their conibined 
area of discharge should not exceed the fan capacity. It makes no 
difference whether these discharge outlets are placed horizontally 
or vertically. 

"The arrangement of discharge outlet, however, gives a name to 
the fan — as a horizontal top discharge, a vertical discharge, a hori- 
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Fig, 28.— Full housed steel plate Fig, 39.— Full housed steel plate fan. 
fan. Left-hand bottom horizontal Right-hand top horizontal discharge, 
discharge. 



Fig. 30. — Three-quartet housed steel Fio. 3 1 . — Thcee-quarter housed 

plate fan. Right-hand bottom horizon- steel plate fan. Left-hand top 

tal discharge. horizontal discharge. 
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zontal bottom discharge, a double discharge, etc, (Figs. 28, 29, 30, 
31 and 32.) 

"The spiral or scroll form of the casing should be such as to let 
the gas escape with freedom from all parts of the periphery. The 

smaller diameter of the scroll should not be less than D+^ and the 



lai^er diameter not less than i>+^^ in which 



' W 

■ W 

D denotes the diameter of the wheel in inches; 

a denotes the blast area in square inches; 

W denotes the maximum width of blades in inches. 



Fic. 32. — Allis Chalmers steel ventilating fan. 

"Cone Wheel Fans. — The cone wheel fan is a single inlet pe- 
ripheral dischai^e fan. It is used both with and without a housing. 
Cone wheel fans are not efficient for use against pressures in excess 
of I oz. per square inch and are seldom used against pressures as high 
as this limit. Generally speaking, they are not as economical in 
the handling of gases as centrifugal fan-blast machinery properly 
encased in a well-designed close-fitting housing. 

" Cone wheels should have a perfectly free inlet and be arranged 
to have a free discharge of air from all points of the periphery. 
When cone wheels are encased in a housing the housing is usually 
much larger than the fan wheel to permit a perfectly free and un- 
restricted discharge. As ordinarily arranged, the inlet to a cone 
wheel is a hole in a wall of the apartment from which the gas is to be 
sucked-(Figs. 33 and 34). 

"On the axle or shaft of the fan there is mounted a cone with its 
apex turned toward the inlet. Between the cone and the periphery 
of the wheel there are blades or floats, and these blades are encased 
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inside of side plates. As the air enters the inlet it is deflected by 
the cone to the fioats, which together with the side plates, continue 
to change the direction of the sir so that it is discharged off the pe- 
riphery in a plane at right angles to the shaft or line of entrance. 
The width of cone wheels is generally one-quarter the diameter of 
the wheel, and the inlet opening is generally three-quarters of the 
diameter of the wheeU The floats are curved backward and tapered 



Fig. 33. — Cone fan inlet side. FiG. 34. — Cone fan discharge side. 

toward the periphery so that they have a width at the tips of about 
three-quarters the width of the wheel. 

"Assuming that the air is discharged at a velocity equal to the 
speed of the tips of the floats, the capacity of a properly designed 
cone wheel in cubic feet per second is approximately: 

for exhausting and Q = ^.oD^'\/p for blowing in which 

D denotes the diameter of the wheel in inches and 
P denotes the pressure in ounces per square inch corre- 
sponding to the velocity of the tips of the blades. 

"The horse-power required to operate a cone wheel including 

efficiency is approximately brake horse-power =^^1: foj exhausting 

43 
and 
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"The limits of peripheral speed are about the same as for a disc 
fan so that assuming the speed of the tips of the blades, the revo- 
lutions and diameter can be calculated by assuming one or the other 
as with disc fans. 

"Turbine Blast or 'Sirocco' Fan. — ^The name Sirocco is a trade 
name. These fans are centriufgal in their action and have a pe- 
ripheral discharge. The runner or blast wheel is built up of steel, 
and consists essentially of three parts — the interior cone to deflect 
and turn the air as it enters the inlet toward the blades, the blades, 
and the side plates. The runner is shaped like a drum. The 
blades are long and narrow radially, being generally between six 
and nine times as long as they are wide. The ^runners are usually 
equipped with about 64 blades. The blades are curved so that the 
concave side revolves forward. The blades are not quite as deep 
as the side plates, and the side plates are made one-sixteenth the 
diameter of the wheel. 

"These fans are usualy made with the inlet on one side only, the 
other side being closed by the back of the internal cone. When 
double inlets are desired, two internal cones are placed back to 
back, and this practically means that the wheel is made double. 

''The peripheral speed at which these fans can be run before they 
begin to hum or become noisy is higher than that of the steel plate 
fan. With ordinary sizes they remain quiet until peripheral speeds 
of 10,000 ft. per minute are reached, but a peripheral speed of over 
15,000 ft. per minute is often used. 

"The design of these fans is quite different from that of a steel 
plate fan. Having the blades curved forward, which is quite correct 
in principle, results in an increase in the velocity of discharge, which 
with properly shaped blades, is twice that of the "steel plate" fan. 
In other words, the velocity of discharge from a properly designed 
turbine faii, is theoretically twice that of the periperal speed, and 
actually about 117 per cent, of the peripheral speed. As these fans 
are made about twice as wide as the steel plate fan, and as the 
velocity of discharge is twice as great, a turbine fan wheel will dis- 
charge about four times the volume of gas as a steel plate fan of 
equal diameter and run at equal speed. 

"These fans are mounted in a housing, and the ratio of outlet to 
inlet is one to two. There are three types of these fan wheels which 
are distinguished by the manner in which they are bladed (Fig. 35). 

(a) In the forward inclined wheel the blades are curved 
forward of the radii. 

(b) In the radially inclined wheel, the blades are curved on 
the radii. 

(c) In the backward inclined wheel, the blades are curved 
behind the radii. 
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"These different forms rank in the order of mechanical efficiency 
as given above, and in the matter of speed of revolutions in the 
reverse order. Owing to the high speed at which these turbine fans 
can be run they are well adapted for direct connection to high-speed 
prime movers (Fig. 36). 

"The commercial efficiencies when used for blowing are about 59 
per cent, for forward blades, 53 per cent, for radial blades and 50 
per cent, for backward blades. 






Fio. 3S-— Three types of blading. Fig. 36.— Sirocco double inlel runner. 

"The width of the runner is made two-thirds the diameter for 
standard sizes. 

"The volume of discharge can be calculated from the formula 



wD _ 2/sD^ _ 2 P* 
'^"27.5" 27-S "82.5 
" When the dynamic head is known the same formula for power 
required can be applied to this fan as to others." 



CHAPTER VII 



PISTON COMPRESSORS 



In the practical applications of air for power and other purposes, 
the simplest method of compressing air above those pressures 
for which the fan and positive pressure blower are particularly 
adapted is by means of a piston compressor. 

This method of compression is used more than any other method 
and for that reason considerable attention will be given to it. Fig. 
37 shows in cross-section such a compressor, its piston, piston-rod 



FiG- 37- — Cross section of piston compressor. 

and valves. D represents the inlet valve through which the "free 
air" is drawn into the compressor, and E the outlet or discharge 
valves through which the compressed air is discharged into a reservoir 
or receiver as it is quite commonly called. 

Naturally with this type of compressor the piston movement 
is limited, so that at its extreme positions the piston will not strike 
the cylinder ends or heads. That volume of the cylinder through 
which the piston does not move, together with the volimie occupied 
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by the passages leading from the cylinder to the valves, is called the 
clearance. 

Action of Piston Compressor. — Suppose the piston is to start 
at the right end of its stroke. As it moves to the left, a slight 
vacuum will be created in the cylinder on the right side of the pistcn 
and valve D will be opened. Free air will rush in, following the 
movement of tte piston and filling the cylinder. As the piston 
starts to the right, this same operation will take place on the left 
side of the piston, while on the right compression will commence as 
the volume occupied by the air in that part of the cylinder is reduced. 

If the valve E is in communication with a reservoir of com- 
pressed air at 30-lb. gage pressure, no air can escape from the cylinder 
until the pressure has risen to a little above 30 lb. When this is 
done the valve E will be lifted from its seat and the compressed air 
will be pushed bodily out of the cylinder into the reservoir. 

At the end of the stroke, the clearance volume will be filled with 
this compressed air and as the piston starts back valve E will close 
and the compressed air in the clearance space will expand to fill 
the gradually increasing volume in the cyhnder and will continue 
to do so until the pressure in the cylinder is lower than that of the 
atmosphere, when valve D will open and a new supply of free air 
be drawn in. The clearance space reduces the volume of free air 
drawn into the compressor. 

Indicator Card of Piston Compressor. — These changes are shown 
by the indicator card given in Fig. 38, which shows the changes in 




Fig. 38. — Indicator card of piston compressor. 



pressure and volume taking place on one side of the piston. The 
distance L represents the volume displaced by the .piston during 
one stroke. Starting with the piston at G and the cylinder full of 
air, the pressure of the confined air will gradually rise as the volume 
is being reduced by the moving piston until a pressure H, a little 
above the pressure in the reservoir is reached. From here until 
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the end of the stroke the piston will force the compressed air out 
of the cylinder into the reservoir. The wavy line E-J represents 
this expiilsion, the inertia of the moving parts of the indicator and 
the fluttering of the discharge valve on its seat causing the irregu- 
larities of this discharge line. When the stroke is completed the 
pressure of the air in the reservoir closes the valve E, leaving the 
clearance space full of compressed air at the high pressure /. As 
the piston moves to the left the compressed air in this clearance 
space will expand to fill the constantly increasing volume until a 
pressure a little below. that of the atmosphere is reached {K), when 
valve D will open and free air rush in to fill the cylinder as the piston 
continues its movement. 

The more air in the clearance space the further will the piston B 
have to move before the compressed air in the clearance space can 
have the opportunity to expand low enough to open the inlet valve. 
For this reason the clearance space for a piston air compressor 
is made as small as possible. 

Effect of Clearance. — ^The loss due to clearance is not a loss of 
power, for most of the energy used in compressing the air into the 
clearance space is given back in expanding and helping to move 
the piston. The only loss in power is the heat loss through radia- 
tion. The loss due to clearance is mainly a loss of capacity which, 
in many cases, is a rather serious matter. Engineers have sought 
to reduce this to a minimum with the result 
that the clearance volume of a modern piston 
air compressor varies from 0.02 to 0.0094 of 
the volume of the piston displacement. 

Methods of Reducing Clearance. — Various 
methods have been devised to reduce this 
clearance, some even going to the extent of 
putting in spring heads on the cylinder which 
the piston could strike at each end of the ^^^- 39 —Uncovering 
stroke without serious injury. This method, "^""^^^J^^^ '^^"^''^ clearance 
however, introduces complications that are • 
not always desirable. 

Another method of reducing the clearance loss that has been 
suggested is to let the piston imcover a passage leading from the 
clearance space just at the end of the stroke, and thus allow the 
compressed air in the clearance space to expand into the cylinder 
on the other side of the piston, as shown by Fig. 39, without reducing 
the capacity of the compressor. This, however, is open to the 
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objection that the compressed air in the clearance space, which 
normally acts as a spring, is released and the piston will pound 
at the end of each stroke unless some other means is used to prevent 
it. 

Some piston air compressors are so designed that when the 
machine is cold the piston will almost touch the cylinder-head 
when at the crank end of its stroke. As the compressor is operated 
the heat of the air being compressed will be partly transmitted to 
the piston-rod and cause it to expand slightly, thus increasing 




Y/////////M 



Fig. 40. — Hydraulic piston compressor. 

the crank-end clearance and decreasing the head-end clearance, 
and by designing the compressor so that when hot, the piston will just 
miss touching the cylinder-head when at head-end dead-center, 
and when cold just miss the other cylinder-head when at dead- 
center, the clearance volume of the cylinder is reduced to a minimum. 
Some of the early air compressors were built, as indicated by 
Fig. 40, so as to reduce the clearance volume by using a water column 
as a piston. As the piston A is moved back and forth the water 
column in each upright cylinder is caused to alternately rise and 
faU^ As it falls, valve C is opened and free air rushed in. As the 
water column is raised, valve C is closed and the confined air is 
compressed to a pressure sufficient to open valve B and permit 
the compressed air to escape to a reservoir. The water at its upper 
height can fill the entire space, including the passage to the valves, 
which a metal piston could not do, so the clearance is in this way 
reduced to a minimum. This type of compressor was practically 
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abandoned, but its principle has been recently revived in air com- 
pressors working on the principle of the Humphrey pump. 

Suction Line. — If in the design of a piston compressor the inlet 
valve or the passages for the same should be too small, then the air 
cannot rush in as fast as the piston 
moves and the suction line, instead 
of being straight, will fall below the 
horizontal, to rise again near the 
end of the stroke as the piston 
velocity decreases. 

A suction line that is not hori- 
zontal indicates restricted inlet for 
admission of air. 

It ipay sometimes happen that as the piston, which has its max- 
imum velocity near the middle of the stroke, nears the end with a 
decreasing speed, the inlet valve will close before the end of the 
stroke is reached, and the admission line will fall slightly. As 
compression starts, this line will be retraced until a pressure greater 
than the admission pressure is reached, as shown by Fig. 41. A 
good indicator card for a piston air compressor will have the com- 
pression line start very close to the end, as shown by Fig. 38. 

Compression Line. — One reason for the ideal method of air 
compression being isothermal, as already explained, is because 



Fig. 41. — Eflfect of early closing of 
inlet valve. 




Fig. 42. — Card showing isothermal and adiabatic compression. 



any energy stored as heat in the compressed air above the temperature 
of the surrounding atmosphere will soon be radiated and hence lost. 
Another reason, as shown by the chart. Fig. 11, is that if the com- 
pression is not isothermal, the pressure due to the increased tempera- 
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ture will rise above that which would result from isothermal com- 
pression and hence cause an increased exp>enditure of energy to 
operate the compressor, as shown in Fig. 42. This increased 
expenditure of power may be avoided by isothermal compression 
The approximate horse-power required to compress air under 
isothermal or adiabatic conditions may be determined as indicated 
by the formulae in Chapter IV. This has been done for various 
pressures indicated in Table IX, which will give an idea of the 
saving to be secured from isothermal compression. 



TABLE IX 







Single-stage compression, from atmospheric 


pressure at sea- 






level. Inital temperature, 60° F. Horse-p 


lower required 




Atmos- 
pheres 
absolute 
or ratio 
of com- 
pression 




to compress 


I cu. ft. of free air 


Gage 
pres- 


Calculated horse-power 


Actual horse-power (approx.) 


sure, 
pounds 


Isothermal 
compression 


Adiabatic 
compression 


Allowance for 

losses above 
adiabatic com- 
pression, 15 per 


Allowance for 
losses above 

adiabatic com- 
pression, 20 










cent. 


per cent. 


20 


2.36 


0.0551 


0.0626 


0.0720 


0.0751 


25 


2.71 


0.0637 


0.0741 


0.0852 


. 0890 


30 


304 


0.0713 


0.0843 


0.0970 


O.IOII 


35 


3'SS 


0.0782 


0.0941 


0.1082 


0.1129 


40 


372 


0.0842 


0.1029 


0.1183 


0.1234 


45 


4.06 


0.0895 


0.1115 


0.1282 


0.1338 


50 


4.40* 


0.0950 


0.1191 


0.1370 


0. 1430 


55 


4.74 


0.0994 


0.1269 


0.1460 


0.1522 


60 


S.08 


0. 1041 


0.1337 


0.1537 


0. 1604 


65 


542 


0.1081 


0.1401 


0.1610 


0.1681 


70 


5.76 


0.1123 


0.1468 


0.1690 


0.1761 


75 


6.10 


0.1162 


0.1535 


0.1765 


0.1842 


80 


6.44 


0.1195 


0.1591 


0.1830 


0.1910 


85 


6.78 


0.1224 


0.1651 


0.1900 


0. 1961 


90 


7. 12 


0.1256 


0.1703 


0.1955 


0.2040 


95 


7.46 


0.1287 


0.1760 


0.2024 


0.2112 


100 


7.80 


0.131S 


0.1807 


0.2080 


0.2168 


no 


8.48 


0.1366 


0.1894 


0.2180 


0.2272 


125 


950 


0.1442 


0.2025 


0.2328 


0.2430 



Wet and Dry Compression. — ^The two principal systems which 
have been used in attempting to secure isothermal compression in a 
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piston air compressor are the "wet system" and the "dry system." 
A wet compressor is one which introduces water directly into the 
cylinder during compression. 

A dry compressor is one which admits no water to the air during 
compression but surrounds the cylinder with a jacket of circulating 
water in order to reduce the heat of compression. 

There are two kinds of wet compressors: First, those which in- 
ject water in the form of a spray into the cylinder during compres- 
sion; second, those which use a water piston in compressing the 
air, such as shown in Fig. 40. 

Numerous tests have been made of these different methods of air 
compression showing that the compression can be brought closest 
to the ideal isothermal by means 01 injecting a spray of water directly 
into the cylinder during the compression. 

Although the best results have been secured by the wet system of 
compression, still it has been practically abandoned in favor of a 
dry system of compression using a water-jacket, for the following 
reasons: 

First. The mechanical difficulty of introducing the water in a 
fine enough spray to reduce the temperatuie of compression as it is 
being produced. 

Second. Impurities in the water through mechanical and chem- 
ical action destroy the metallic surfaces of the cylinder and piston. 

Third. Wear due to insufficient lubiication. 

Fourth. DifficuJty of regulating the amount of water to be 
introduced. 

Fifth. Limitations of speed due to the presence of water. 

Actual Compression. — If an isothermal and an adiabatic line be 
drawn on an indicator card taken from an actual modem air com- 
pressor starting at the point where compression begins, the actual 
compression line will come very close to the adiabatic. 

If the compressor operates at a very slow speed, there is an 
opportunity for the heat that is generated by compression to be 
radiated and the compression line will come closer to the ideal 
isothermal. 

That is, with a high-speed air compressor, the compression is 
approximately adiabatic, while with a slow-speed compressor with 
efficient water-jacket the compression line may approach the 
isothermal, speed being an important element in determining the 
slope of the compression line. 

Cards from Air Compressors. — In taking indicator cards from an 
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air compressor all the precautions that are necessary for taking 
steam cards apply with equal force, as erroneous conclusions may 
be very easily drawn from the cards if care is not taken. For 
instance, if the piston of the air compressor leaks slightly, then the 
compression line will approach the ideal isothermal line, indicating 
a very desirable compression line, while in reality the compressor is 
defective. For this reason, extra precautions must be taken in 
order that the card may indicate the true state of affairs in the 
cylinder. 

When air is compressed in a cylinder to a pressure of loo lb. per 
square inch without cooling, temperatures ranging from 475° to 
550° are reached, and these high temperatures are not only produc- 
tive of poor economy and low efficiency but are dangerous because 
of the explosive nature of the compressed air containing the vapors 
of the cylinder oil used for lubricating the piston. 



CHAPTER VIII 

EFFICIENCIES AND ENERGY COMPENSATION 

In the discussion of Chapter IV, clearance was disregarded, but in 
calculating the required dimensions of an air compressor the effect 
of clearance must be considered. 

It is usual to express clearance as a certain percentage of the piston 
displacement. If this percentage expressed as a decimal fraction 
is represented by C, the volume occupied by the air to be com- 
pressed at the end of a suction stroke will be (i+C) times the 
piston displacement. 

Volumetric Efficiency. — The effect of clearance upon the capacity 
of a compressor is usually expressed in terms of the "volumetric 




Fig. 43. — Ideal card for piston compressor. 

efficiency," but as this term is not always interpreted in the same 
way it is advisable to use two terms " apparent volumetric efficiency " 
and "real volumetric efficiency." 

Apparent Volumetric Efficiency. — The apparent volumetric effi- 
ciency is the apparent volume of free air drawn in as shown by 

the indicator card divided by the volume of the piston displacement, 

AD 
or it is^^ of ideal card, Fig. 43. In an actual card. Fig. 44, this 

ratio is also shown by -^* 

77 
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In Fig. 43, the clearance line C-D will follow the equation 
but, as Ve=C, this may be written 



from which 



V..0C 




-v 



Fig. 44. — Actual card of piston compressor. 

AD 

The apparent volumetric efficiency, or -rz^, may be written 

AG-DG 
AG 



or 



DG 



or 



AG 



Vd-C 



Calling the piston displacement AG unity, the apparent volumet- 
ric efficiency may be written 



I -CI ^ r+C, or I -C 






'"-] 



The effect upon the capacity may be illustrated by assuming a 
compressor in which Pc is 80 lb. per square inch gage, or 94.7 lb. ab- 
solute, and C is 2 per cent and n is 1.4. 
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Substituting in the above, 



7.5 



7.0 



as 
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Fig. 45. — ^Loss of capacity due to clearance. 

That is, such a compressor would only take in 94 per cent, of the 
piston displacement in free air, and poor valve action would reduce 
this capacity still further. The loss of capacity due to clearance for 
various pressure ratios is shown in Fig. 45. 
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True Volumetric Efficiency. — ^The above illustration would be 
true if the temperature of the air after being drawn into the cylinder 
were the same as the atmosphere, and the pressure at the instant of 
compression equal to the atmosphere. As this is seldom true, it is 
necessary to make correction for this by multiplying the above 
expression by 

J- am ■*_1__ 
J- 1 "am 

in which the subscript am stands for atmospheric conditions and 
subscript i for conditions at the beginning of compression. 

The true volumetric efficiency is the ratio of the free air actu- 
ally drawn in to the piston displacement and is represented by the 
formula 



am, 



fcr[-(fe]"-)] 



^1 pam 

Cylinder Efficiency. — ^The cylinder efficiency of an air compressor 
may be defined as the ratio of the work done in a complete cycle to 

p 




Fig. 46. — Cylinder eflSciency. 

compress isothermally a volume of air at atmospheric pressure equal 
to the intake piston displacement divided by the actual work done 
in the air cylinder. 

This would be Fig. 46, the area AKCG divided by the shaded area, 
or the actual work done in the air cylinder. 

Efficiency of Compression. — ^The efficiency of compression may be 
defined as the product of the cylinder efficiency and the true volumet- 
ric efficiency, or it is the work done in a complete cycle to compress 
isothermaUy, without clearance, a given volume of free air divided' 
by the work actually expended in compressing the same volume of 
free air. 
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Mechanical Efficiency. — ^The mechanical eflEiciency of an air com- 
pressor is the work done in the air cylinders divided by the work done 
in the steam cylinders, if driven direct by steam, or in the gas-engine 
cylinders, if gas engines are used, or the work delivered at the belt 
if the compressor is belt driven. 

Net Efficiency. — The net efficiency of a compressor unit driven by 
a steam engine or turbine direct is the ratio of the internal energy 
available in the compressed air at room temperature to the heat 
energy available in the steam supplied; or it is the energy available by 
adiabatic expansion of the compressed air at toom temperature to 
atmospheric pressure divided by the energy available in the steam 
supplied, if expanded adiabatically in a Rankine cycle. 

In considering efficiencies of air compressors, it is important to 
distinguish between a machine used for compressing air as a means 
of storing and transmitting mechanical energy, in which the ideal 
compression is isothermal, and a machine used for suppl3ring air 
under pressure for purposes of combustion, as in forges, cupolas and 
blast furnaces. In these last cases the pressures are comparatively 
low and the resulting increase of temperature due to adiabatic com- 
pression is not objectionable. In fact there is ample justification 
for taking, in these cases, adiabatic compression as the standard. 

Blower Efficiency. — Henry F. Schmidt in an article in the Journal 
A. S. M, E. of Nov., 191 2, on "Centrifugal Blowers" indicates a 
"blower efficiency" for any blower not water -jacketed, by dividing 
the rise of temperature, as calculated from adiabatic compression 
from the suction to the discharge pressure, by the actual rise of 
temperature taking place during the compression in the blower. 

The losses in a blower are principally friction, eddies and leakage. 
All energy losses reappear as heat and bring the temperature after 
compression higher than that due to- adiabatic compression, and in 
the article the author proves that this ratio will reduce to the form 

7f-, — ^ in which T2 is the initial temperature of the air, Ti its actual 
1 1 — i 2 

final temperature, and Ti the final temperature if the compression 
had been adiabatic. This formula is open to the criticism that the 
radiation is disregarded, but as its value is comparatively small the 
"blower efficiency" expression has the decided advantage of sim- 
plicity and ease of determination. 

Economic Efficiency. — Franz zur Nedden in his articles on Turbo- 

. blowers and Compressors in the Engineering Magazine for Nov., 

191 2, states that the thermic losses of a compressed gas may be 

6 
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expressed by the contraction which it undergoes in cooling. In 
place of the larger volume of power medium which leaves the com- 
pressor, a diminished volume only at the same pressure reaches the 
destination. As in perfect gases contraction due to cooling is in 
direct proportion to the absolute temperature, the fraction formed 
by taking the absolute temperature of the atmosphere as the numera- 
tor and the absolute temperature of the air or gas leaving the 
compressor as the denominator, might be taken as a fair expression 
of the losses caused by the unutilized heating of the gas or air in the 
compressor. 

As this loss would not occur if the gases were compressed isother- 
mally it is debited entirely to the compressor. He cites in illustra- 
tion a compressor of the piston t3^e of 140,000 cu. ft. per hour 
capacity working against 115 lb. per square inch at 90 r.p.m., in 
which the temperature leaving the compressor was 197° F. and the 
temperature of the atmosphere 41° F., this gives an "economic 

«, . „ . 460+41 501 
efficiency" of -3 — 7—^—=^ — =76.1 per cent. 

460+197 657 ' ^ 

Energy Compensation. — If an air compressor is driven direct by a 
steam engine with the steam and air cylinders tandem and one 
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Fig. 47. — Direct acting steam compressor. 



common piston-rod as shown in Fig. 47, with the valves arranged to 
give a steam and air card as shown, the greatest force is exerted on 
the piston-rod at the time when the least is required in the air cylin- 
der and when the air cylinder needs the greatest force applied to 
expel the compressed air, the least is being applied in the steam 
cylinder. 

Many ingenious contrivances have been devised for storing the 
excess energy developed in the steam cylinder during the beginning 
of the stroke and drawing on this excess during the last part of the . 
stroke. 
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When a fly-wheel is used it must of necessity be very large in 
order to do this, as the amount of energy that can be stored in the fly- 
wheel will depend upon its weight and speed. 

Hydraulic Compensator.— 70ne form of energy compensator is 
shown in Fig. 48, which represents a sketch of a D'Auria non- 
rotative air compressor. 

The desired result is obtained by using a "hydraulic compensator," 
which consists of a cylinder A fitted with a plunger B carried by 
the same piston-rod that connects the steam and air piston. The 
ends of the compensator cylinder communicate with each other by 




Fig. 48. — D'Auria System of energy compensation. 

means of a loop of pipe c-c-c so constructed as to form a very rigid 
bed-plate for the machine, a very desirable feature, as it helps to 
keep the machine in alignment. The cylinder and pipe are filled 
with water, or any other liquid, leakage being made up through a 
pipe. 

When the compensator is in action, the liquid column contained 
in the compensator is moved reciprocally and as it requires energy 
to start a mass moving and also to stop it after it gets in motion, the 
excess energy of the steam cylinder is used up or rather stored in 
starting the liquid in motion during the first part of the stroke, and 
this excess energy is given back during the last part of the stroke as 
the pistons near the end of their stroke. 

Lever Compensation. — Sometimes two steam air compressors are 
placed side by side and the piston-rods connected by a system of 
' levers as shown in Fig. 49, so that the excess energy that is not needed 
in one air cylinder is conveyed by the system of levers to the other 
air compressor and aids that near the end of its stroke. By this 
arrangement one compressor supplements the other. 

Weight Compensation. — A method adopted by the Norwalk Iron 
Works is best shown in their two-stage compressor, driven by a 
tandem compound steam engine, as shown in Fig. 50. 
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By arranging air and steam cylinders, as shown, with a common 
piston-rod, an excessively heavy moving piece is secured, which 
requires considerable energy to start in motion and also to bring to 
rest near the end of the stroke. That is, a large share of the energy 





Fig. 49. — ^Lever system of energy compensation. 

developed in the steam cylinder during the beginning of the 
strokejis usedjn starting^this[^heavy piece in motion and the extra 
energy required in the air cylinders during the last part of the 
stroke is taken from this moving mass in bringing it to rest. 




Fig. 50. — Norwalk compressor. 

Straight-line Compressor. — ^The balance is aided still further 
by a fly-wheel which with shaft and eccentrics is used to operate 
the valves. It is evident that an air compressor which has the steam 
cylinder and the air cylinder on the same piston-rod will apply the 
power in the most direct manner and will involve the simplest 
mechanism in construction. 

This t3^e of compressor (Fig. 51) is usually referred to as a 
straight-line air compressor and is usually equipped with one or 



EFFICIENCIES AND ENERGY COMPENSATION 85 

two fly-wheels to act as energy compensators. Even then it is 
difficult to secure a very good economy, especially with light fly- 
wheels. In order to secure maximum economy of steam an early 
cut-off is desirable, but if no fly-wheels are used this cannot be 
obtained, and it is necessary to admit boiler steam for almost the 
entire stroke. 

The air compressor used by the Westinghouse Air Brake Company 
in their familiar system of train brakes is of this type. It is admira- 
bly suited for this purpose because of its simplicity and the fact 



Fig. 5i.^Straight-Iine air compressor. 

that it does the most work when the engine is at rest or using only 
a portion of its steam, and for this reason it utilizes steam that 
might otherwise escape out of the safety valve. 

Many efforts have been made to equalize the Steam power and 
air resistance by using a crank shaft and placing the crank pins 
of the steam and air-connecting rods at an angle with each other 
so that the greatest force would be exerted in the steam cylinder 
at the time the greatest resistance was being encountered in the 
air cylinder. The same thing may also be accomplished by placing 
the cylinders at an angle with each other. Various compressors 
have been built on this principle, the angle between the cylinders 
varying in different designs, being in some 45 degrees, in others 
90 degrees, and in still others 135 degrees. The "best results, how- 
ever, have been secured with an angle of 90 degrees. 

This arrangement has been adopted by some manufacturers 
of compressors for refrigerating plants, but has not been used by 
manufacturers of air compressors to any extent. Fig, 52 may make 
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this clearer, with the horizontal cylinder for steam and the vertical 
one for the ammonia compressor. When the steam piston is at 
dead center the air piston has completed about half its stroke, 
and the high steam pressure admitted to the steam cylinder during 
the first part of the stroke will be available for moving the compressor 
piston through the last half of its stroke when the greatest resistance 
is encountered. As the steam piston is completing the last half 
of its stroke, the compressor piston starts down compressing a new 
supply of free air on its lower side if of the double acting type, and 
as the work of the first half of the stroke of the air piston is com- 



FiG. 52. — Horizontal-vertical arrangement of cylinders. 

paratively slight, the pressure in the steam cylinder can be reduced 
for the last half of its stroke, giving both economy of steam and 
uniformity of speed. 

DiQilez Compressor. — More frequently this result is accomplished 
by placing the two cylinders in a horizontal plane with the crank 
pins at an angle of 90 degrees as shown by Fig. 53- This arrange- 
ment is frequently adopted when air compressors are driven by 
gas engines and if an air compressor is driven by a belt the compressor 
will operate much more evenly and hence with a more uniform pull 
on the belt if two or more cylinders are used with the crank pins 
of each placed at an angle with each other. 

The "duplex air compressor" is designed on this plan with two 
cylinders side by side, the crank pins for the two compressors 
being at sin angle of 90 degrees with each other. The motive 
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power may be either belt, electric motor or steam engine. If the 
latter, it is not uncommon to place the steam cylinders tandem 
with the air cylinders, using a common piston rod, as shown in 
Fig. 54. 



Fio. S3. — Duplex belt-driven compresaor. 



Fig. S4- — Duplex steam-driven compressor. 

The steam cylinders may be either cylinders of a cross-compound 
engine, or two separate simple steam engines. Similarly, the two 
air cylinders may be cylinders of two separate air compressors or 
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cylinders of a two-stage compressor. The name "Duplex" is 
applied to any of these designs. 

Figure 55 shows a sketch of the arrangement of cylinders for 
a two-stage duplex compressor driven by a cross-compound steam 
engine. 

A little study of these sketches will make it clear that with such 
a duplex arrangement when the greatest power is developed in 
one steam cylinder, this excess power can be utilized by means 
of the common crank shaft in overcoming the maximum resistance 
that is being encountered in the other air cyhnder. With the cranks 



Fig. ss.^DuplKC cross compound steam, two-stage air compressor. ^ 

90 degrees apart there is little difficulty in starting, even if compound 
steam cylinders are used, for if the compressor would stop with the 
high-pressure cylinder at dead center, live steam may be admitted 
to the low-pressure cylinder by means of a by-pass. 

Commercially, the duplex compressor appeals to the trade in 
that one side or half of the machine may be furnished with fly- 
wheel and out-board bearing designed for a complete machine, 
and as the demand for compressed air increases, the output may 
be increased by installing the remaining side of the machine. 

The belt compressor is probably the best type for small capacities 
when it can be used conveniently, as is the case in a great many 
factories, for the losses in a steam cylinder, especially of small 
power, are excessive as compared with the loss of power due to 
belt transmission. 



CHAPTER IX 

MULTI-STAGE COMPRESSION 

It was pointed out in Chapter VII that it was not advisable to 
attempt compression above 80 lb. per square inch in a single cylinder 
because of the loss of energy and danger of explosion due to the re- 
sulting high temperatures. 

It frequently happens, however, that pressures much higher than 
this are demanded for commercial purposes, and in order to satisfy 
this demand, avoid the danger just referred to, and reduce the losses 




Fig. 56. — Saving due to multi-stage compression. 

due to adiabatic compression, engineers have adopted a multi-stage 
system of compression; compressing the air partly in one cylinder, 
passing it through an intercooler where its temperature and volume 
are reduced, then compressing it still further in a second cylinder, 
and, if the pressures required are high, this compressed air is passed to 
a second intercooler, thence to a third cylinder and in some cases a 

89 



90 AIR COMPRESSION AND TRANSMISSION 

third intercooler and a fourth cylinder are required to secure the 
desired compression pressure economically. 

Advantage of Multi-stage Compression. — ^The advantages of 
this system of compression more than offset the extra expense in 
constructing the compressor. The saving in power required may be 
illustrated by Fig. 56, where a-b represents the adiabatic line from 
atmospheric pressure to the required receiver pressure, a-c an iso- 
thermal line between the same pressures. The shaded area repre- 
sents the total work of compression in the four cylinders, the differ- 
ence between this area and the area abde representing the saving in 
power due to the multi-stage system of compression, afne repre- 
sents the work done in the first cylinder, fn the volume occupied by 
the air as it leaves this cylinder. In the intercooler the temperature 
of the air, if this part of the apparatus is properly designed, will be 
reduced to the inlet temperature, and in consequence the volume will 
be reduced from fn to on. Compression in the second cylinder will 
raise the pressure to g and reduce the volume of the compressed air to 
gm. In the second intercooler the volume will be reduced as the 
temperature is reduced to the inlet temperature from gm to pm, and 
so on. This secures a compression that requires a smaller expendi- 
ture of energy than adiabatic compression, giving results that com- 
pare very favorably with the ideal isothermal compression without 
serious difficulty. 

Pressures Used for Various Stages. — Of course this arrangement 
increases the first cost of the compressor and for that reason the ad- 
visability of installing multi-stage compression will depend upon the 
pressure required. Some authorities recommend two-stage com- 
pression for pressures as low as 50 lb., but this practice is unusual. 
It is certain, however, that for pressures from 80 to 500 lb. the two- 
stage compressor should be used; for pressures from 500 to 1,000 lb. 
the three-stage, and for pressure between i ,000 and 3,000 lb. the four- 
stage compressor. 

Intercoolers. — ^To secure best results care should be taken to see 
that the intercooler between the different cylinders reduces the 
temperature of the air as nearly as possible to that of the air at the 
compressor inlet. As it is important that the flow of air through 
the intercooler should be as low as possible, it is desirable to reduce 
the pulsating effect of the discharge of partially compressed air to 
the intercooler. This is usually accomplished by using large ports 
and passages. 

The larger the volume of the intercooler, the more time for the 
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^Fic. 57- — Intercooler tor duplex two-stage compressor. 




Fig j8 — latercoolei for Undem two-stage compressor. 
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compressed air to cool; for this reason "receiver intercoolers," as 
they are called, are more efficient than those of small volumetric 
capacity. 



Fig. 59. — Nordberg intereooler. 

Types of Intercoolers. — Figs. 57, 58 and 59 show various types of 
intercoolers. The horizontal type is more frequently used because 
of its greater adaptability to 
compressor construction. 

In accordance with the 
fundamental principles of 
economical transference ofheat, 
It is customary in better types 
of intercoolers to have the cir- 
culation of the water opposite 
in direction to that of the air 
being cooled, and also to have 
the air broken up into as fine 
streams as possible. 

The tubes of intercoolers are 
usually of iron unless the 
character of the water used is 
bad. In this case the tubes 
may be galvanized or, if the 
water is salt or contains mate- 
rials having a corrosive efiect on iron, brass or copper tubes are used. 
In cooling the air, moisture is frequently deposited, and provision 
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is made to remove this by traps or separators, as shown in Fig. 60. 

Perfect intercooling implies that the temperature of the partially 
compressed air leaving the intercooler shall be as low as the atmos- 
phere. This naturally requires different ratios of cooling surface to 
cubic feet capacity for different water temperatures. 

Cooling Surface and Capacity. — Mr. F. V. D. Longacre gives two 
charts covering this matter, shown in Figs. 61 and 62. The first 
shows the intercooler surfacer equired for various water tempera- 
tures to secure perfect intercooling for two-stage compression to 100 
lb. discharge pressure at sea-level; and the second shows the amount 
of water required to secure perfect intercooling for this pressure if 
the cylinder jackets and intercooler are in series, also the amount of 
water required with a separate jacket, and when the low-pressure 
and high-pressure jackets are connected in series. 

Intercooler Pressure. — In considering multi-stage compression, 
it is necessary to determine the proper intercooler pressure to secure 
the most economical results. 

It was shown in Chapter IV that the area of an ideal indicator 
diagram disregarding clearance could be expressed as 

and if Va represents the capacity of the machine in free air per 
minute, the horse-power required, disregarding friction and other 
losses, will be: 



144 



~M{f)'^A 



33000 n 

If ph represents the intercooler pressure, this would represent the 
horse-power required to operate the low-pressure cylinder, and if 
the discharge pressure from the high-pressure cylinder be represented 
by pd the horse-power required to operate this cylinder would be: 

33000 w—r i\phl \ 

but if perfect intercooling were secured, phVc would equal paVa 
and the total horse-power required to operate both cylinders of 
the two-stage compressor would be expressed: 



144 
33000 



i^M^y'^^if)-'] 
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This expression will be a minimum when the part within the 
brackets is a minimum. As pay or the inlet pressure, and pd, the 
discharge from the high-pressure cylinder, are fixed, the only 
variable is the intercooler pressure, or ph- 

equating to zero will give the requisite condition of proper inter- 
cooler pressure for minimum expenditure of energy. 

n— 1 ^ 1 — n , n— 1 , 

1—n . —zr-^ I n—1 



DiflFerentiating 



pd ^ ph '^ + ph ** =o 

n — \ 1— 2n —1 

-^ pd"" Pb "^ = -— pb"" 

n n-l w 

P<^-ir 

2— 2n 1 — n 1—n 

^ — z — I — ^ w . ~;r~ . ~zr~ 

pb » — — -— - />« " />d » 

W I — ft 

Pb = \/papd 

That is, for two-stage compression the most economical expendi- 
ture of energy is secured when the intercooler pressure is the square 
root of the product of the given suction and discharge pressure of 
the machine. As perfect intercooling is assumed, paVa = pbVb 
and the areas of the two cards must be equal, that is, the most 
economical results are secured when the work of compression is 
divided equally between the two cylinders. 

Let Fig. 63 represent an ideal card of a three-stage air compressor 
without clearance, in which pz represents the pressure in the first 
intercooler, and pi the pressure in the second intercooler. These 
first two stages may be considered as two-stage compressors between 
pi and pi in which, for the most economical results, 

pz = 'vpip4 
and in the same way and for the same reason, 

p\=\/ pzpi 
from which 

Pz=^pi^p2 
and 

p4=^plp2^ 

The effect of clearance on the above discussion can be shown 
by referring to Fig. 64, showing cards for a two-stage compressor 
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with clearance. The area showing the work done is AJKLSTZ, 
which may be considered as AJNF+KLEN-ZSEF. This will 
evidently be a minimum when the expressions for these areas are 
a minimum, but as the expression for ZSEF does not contain the 




Fig. 63. — Proper receiver pressure for multi-stage compression. 

variable px, this term will drop out in differentiating and, as a 
result, it will follow that the intercooler pressure giving the most 
economical result will be with clearance as without clearance. 

px=\^ pip2 




Fig. 64. — Effect of clearance on receiver pressure. 

The same method will show that most economical receiver pres- 
sures for a three-stage compressor are: 

pz= ^pi^p2 and pA= ^pip2^ 
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when clearance is considered as when clearance is omitted in the 
discussion. 

Effect of Clearance on Volumetric Efficiency. — It was pointed 
out in Chapter VIII that the real volumetric efficiency of an air 
compressor could be expressed as 



am 



pi 



am 



-4(£)"-] 



Ti p, 

Figure 64 has assumed the clearance in the various cylinders 
to be proportional, that is, the ratio of clearance volume to piston 
displacement in each cylinder was such that clearance lines of each 
cylinder unite to form a continuous expansion line. 

If C represent the clearance of the low pressure cylinder and pb 
represent the intercooler pressure, pa the suction pressure and pe the 
discharge pressure from the high-pressure cylinder, then the real 
volumetric efficiency of a two-stage air compressor may be ex- 
pressed 



T 
T 



1 Pam I L ^P<i^ J , 



but as pb=\/pape, this may be written 



T 
T 
or 






T 
T 



In the same way, the true volumetric efficiency of a three-stage 
air compressor may be expressed as 



T 
T 



1 pam I L Vo^ J 



in which pe is the discharge pressure from the last cylinder and pa 
the suction pressure of the low-pressure cylinder. 

Figure 45 shows graphically the effect on volumetric efficiency 
of compressing by stages and the resulting advantage in capacity. 
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CHAPTER X 

DETAILS OF PISTON AIR COMPRESSORS 

Classification of Valves. — Most of the various types of inlet 
valves for piston air compressors may be divided into two general 
classes: first, those which are automatically opened by atmospheric 
pressure and closed by means of their own inertia or weight, by 
springs, or by air pressure; and second, those which are opened 
and closed by direct and positive mechanical connection with the 
crank-shaft or some other moving part of the machine. Each of 
these classes include many forms of valve design. 

Valves of the first class are entirely automatic in their action, 
their opening and closing points depending entirely upon the con- 
ditions of pressure within the cylinder. However, they have 
certain advantages which will be considered later. Valves of the 
second class, with one or two exceptions, have their points of opening 
and closing fixed without regard to changes in operating conditions, 
and the present tendency among designers and manufacturers 
seems to be toward valves of this class. 

Mechanical Valves. — Nothing can be superior to mechanically 
operated valves when properly adjusted to operating conditions, 
as by their aid several of the losses of air compression have been 
reduced to a minirtium. 

On the other hand, faulty adjustment of valves, sometimes 
combined with improper design, renders them extremely low in 
both efficiency and capacity. 

Inlet Valve Setting. — If inlet valves are so set that they open 
almost exactly when the piston is at the end of its stroke, the card^ 
will indicate absolutely no clearance at either end of the cylinder, 
the clearance air being exhausted into the intake. If the inlet 
valve closes slightly before the piston reaches the end of its suction 
stroke, the volumetric efficiency is also reduced. 

In case the inlet valves are so constructed that they cannot open 
until the clearance air has been expanded to atmospheric pressure, 
the only loss due to this clearance is one of capacity, which may be 
overcome by an increase in size or speed of piston. If, however, 
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the inlet valve opens when the piston is in its extreme position, 
the clearance air is exhausted through the intake, making a direct 
loss of power as well as of capacity. 

Figure 65 is reproduced from a card taken from a machine in 
which the inlet valves were set to open when the piston was exactly 
at the end of its stroke. In most of these cases the exhaust through 
the intake is sufficient to cause considerable noise. Figure 66 shows 
a card from the same machine with the valves set properly for their 
particular pressure. This change in the time of opening the inlet 





Fig. 65 . — Mechanically Fig. 66. — Mechanically oper- 

operated inlet valve opened at ated inlet valve properly set. 
end of stroke. 



valve has not effected the volume of air discharged, but the power 
required to operate the compressor has been considerably reduced 
and the machine will run more smoothly with less shock to the 
moving parts at the end of the stroke. 

Effect of Changing Discharge Pressure. — If the pressure of dis- 
charge is now increased, the former troubles appear again, resulting 
in a card shown by Fig. 67. If this pressure is to be maintained con- 





FiG. 67. — Effect of increasing Fig. 68. — Effect of decreas- 
discharge pressure. ing discharge pressure. 

tinuously , the inlet valve will have to be adjusted to open a little later 
in order to give the best results. 

In the same way, if for any reason the discharge pressure should 
be reduced after the valves have been set correctly, the indicator 
card will resemble Fig. 68, and if the compressor is to operate con- 
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tinuously at this lower pressure the inlet valve will have to be ad- 
justed to open a little earlier. 

Figures 69 and 70 show indicator cards from improperly set 
mechanically operated discharge valves with the defect indicated 
under each. 

Every machine with mechanically operated valves should be 
carefully examined to determine whether they operate at the correct 





Fig. 69. — Mechanically 
operated discharge valve 
opening too early. 



Fig. 70. — Mechanically 
operated discharge valve 
opening too late. 



time, and if not, should be so adjusted in order to raise the efficiency 
of operation. 

The principal disadvantages of the mechancally operated valves 
are the increased cost and the extra attention required to keep the 
valves set properly. 

Automatic Valves. — In compressors using automatic valves, how- 
ever, there is no necessity of timing the valves to suit changes of 
pressure, as the operation of the valves is controlled entirely by the 
conditions or pressure within and without the cylinder. 

It must be remembered that the majority of air compressors 
operate at a fixed pressure of discharge and after the valve is once set 
for this discharge, there is no further need of changing it. 

Both types of valves have advantages and disadvantages peculiar 
to each and a choice of valves should not be made in any important 
instance without a thorough investigation of all the variable factors 
involved. 

Valve Area. — A very important matter to be considered is the 
inlet valve area or port opening required for the proper action of a 
machine. As in other points of design, it is necessary to compromise 
the desired ends, for the larger the inlet valve the less will be the 
water-jacketed cylinder surface, and as both are desirable it is im- 
possible to give absolute ratios of inlet areas to cylinder sizes. Some 
designers make inlet areas 5 per cent, of the piston area, and other 
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designers use as high as 14 per cent, as the ratio. The design of the 
valve, the cylinder proportions, and the speed of the machine, all 
have an influence in determining this point. 

The following daJta is given by the chief draftsman of a large com- 
pressor company as the practice of that company resulting from an 
experience of many years: 

"Roughly speaking," 5,000 ft. per minute for the velocity of the 
air through the valve gives good results. This being the case, a 
slow-running machine would require a smaller valve than a high- 
speed compressor with a 'piston-inlet' valve, having a piston speed 
of from 300 to 350 ft. per minute, the inlet area is from 5 to 6 per 
cent, of the piston area. On large compressors with a piston speed 
of from 500 to 600 ft. per minute, the valve area ranges from 6 1/2 
to 7 per cent, of the piston area. 

The discharge valves which are of the poppet type are from 10 
to 12 per cent, of the piston area. 

. On machines having both inlet and discharge valves of the poppet 
type, the ratio should be about 12 per cent, for machines of that 
speed. For piston speeds not exceeding 400 ft. per minute it is 
probable that 10 per cent, is enough. 

The area of the discharge valve should not be less than that of the 
inlety for although the volume of discharge is less than the volume of 
admission, this discharge must take place in a considerably shorter 
space of time. 

Forms of Poppet Valves. — Probably the automatic poppet valve 
is the most common form of valve in use. A few designs are shown 
in Figs. 71 and 72. 
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Fig. 71."^ Air inlet valve. 

The principal difl&culty to guard against in the design of an auto- 
matic valve is to avoid the possibility of the valve itself being 
drawn into the cylinder with the in-rushing air. This may happen 
through the breaking of the spring and disastrous results frequently 
happen, for on the return stroke of the piston, the cylinder head, 
or the piston, or some other part of the apparatus is sure to suffer. 

Figure 73 illustrates a peculiar valve designed for a single-acting 
compressor, i.e., a type of piston compressor in which the air com- 
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pression takes place on only one side of the piston instead of both as 
is usually the case. B is the inlet valve which is located in the center 



Fic. 72. — Air discharge valve. 

of the piston and is held on its seat by the spring D. The discharge 
valve ^ is a radical departure from the older designs of compressor 




valves, being a flat disc coveiing the entire area of the cylinder and 
held in its seat by a guide and spring. 



Fig. 74.- — Piston inlet valve. 

Its face and the face of the piston are perfectly flat, so that the 
piston may strike the valve and deliver all the air with no clearance 
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space to reduce its capacity. A large area of discharge is obtained 
by a very small movement of the valve and no pounding is made 
by its action, for the compressor is of the straight-Une type and the 
compression in the steam cylinder acts as a cushion to relieve the 
pounding that might otherwise occur with no clearance. 

Piston-inlet Valves. — One of the most interesting forms of inlet 
valve is the piston-inlet valve, as manufactured by the IngersoU- 
Rand Company, a sketch of which is shown in Fig. 74. By 
this arrangement the entering air comes in through the tube A, 
which projects through the head end of the cylinder. The air 
passes through this to the center of the piston which is hollow. 
Communication is obtained from this hollow piston to the cylinder 
through the ring-shaped valves B, which are made of open-hearth 
steel in one piece without a weld. These valves have a movement 
of about 1/4 in., and are held in place by pins which are set in slots 
in the valve. 

The two inlet valves B and the tube A are carried back and forth 
with the piston. The valve on that face of the piston which is 
towaid the right is closed as the piston moves to the right, while 
that on the left side is open to admit a fresh supply of air to the 
left side of the piston while air is being compressed on the right 
side. 

When the piston reaches the end of its stroke, the inlet valve 
closes because of its own inertia and as the piston starts on the return 
stroke the valve that was formerly closed is now left behind for about 
1/4 in. of the piston travel and remains open during the entire 
stroke. When the valves are closed, their face is almost flush with 
the piston face, thus reducing the clearance space to minimum. 

There are no springs in the construction of this valve, and it has 
been found to work equally well with slow or high speed. These 
valves are guaranteed by the company for five years. 

Discharge valves are shown at H, These conduct the com- 
pressed air to the discharge pipe F. 

All these types of automatically operated valves have the ad- 
vantage that they adjust themselves to meet varying changes in air 
pressure automatically. 

Semi-mechanical Valves. — There are several types of semi- 
mechanically operated valves on the market. Some of these con- 
sist essentially of an arrangement of levers to remove the action of 
the spring on the inlet valves during admission, permitting the valve 
to open instantly and freely and remain open without any clattering 
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until the end of the stroke, when the spring tension is permitted to 
act on the valve and close it. 

Attention has already been called to the fact that many auto- 
matic valves close before the end of the stroke, due to the fact that the 
piston is rapidly reducing its speed at that time. If the inlet valve 




Fig. 75. — Mechanical valve of Corliss type. 

closes before the end of the stroke, the volumetric efficiency is natur- 
ally reduced, and on this account the mechanically operated inlet 
valve is preferred by many engineers. 

In addition to the mechanical operation of poppet spring valves 
just mentioned, some air compressors are equipped with valves 




Fig. 76. — Southwork blowing engine valve. 

which resemble in action and appearance Corliss steam valves. 
Fig. 75 gives an illustration of this form of valve, which is opened 
and closed by a rotating motion, given to them by levers from a 
wrist plate or eccentric. 

This type of valve is sometimes used for the discharge valve on 
compressors, but cannot be operated successfully for very high 
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pressures because the clearance is made excessive. Mechanically 
operated valves are usually used on large blowing engines for blast 
furnaces. One type is shown in* Figs. 76 and 77. In this type of 
compressor, it is desirable to secure large, free opening for suction, 
and one of the latest designs consists of a large cylinder on the out- 
side of the compressing cylinder which reciprocates back and forth, 
and in so doing opens large slots at the end of the cylinder, giving 
very free opening for inlet. 




Fig. 77. — Kennedy blowing engine valve. 



Regulators, Unloading Devices, Etc. 

It is often essential that the pressure of air in an air receiver be 
kept constantly at a fixed point- and as the number of tools using 
air at the same time will vary in any installation, some automatic 
device must be used so that the compressor will be furnishing air 
when needed and when no air is needed this device must prevent any 
unnecessary work being done at the compressor. There will be 
times when every tool that is taking air from the receiver will be in 
operation and the compressor must have a capacity sufl&cient for 
such occasions; and again there will be times when none of the tools 
are in operation and the work at the time being done at the com- 
pressor would be in excess of the needs if some automatic system 
of regulation is not used. 

Belt Regulator. — Probably the simplest form of regulator is the 
one that is often used on belt-driven air compressors. This consists 
of a belt-shifting device so arranged that when the pressure gets 
above the desired point the belt is shifted off the compressor wheel 
and onto a loose pulley. When the pressure falls below this fixed 
point the belt is shifted back again, and the compressor is thus 
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automatically started and stopped to suit the changing amount 
of compressed air that is needed. 

Westinghouse Govemor. — Fig. 78 shows a sketch of the governor 
used on the Westinghouse air brake. It consists of a piston A 
moving in a cylinder and directly connected to the steam valve C 
which supplies steam to the air compressor, or air pump as it is 
more commonly called. A spring, D, helps to hold this up and 
hence keep the steam valve open. Pipe E leads from the air reser- 



FiG. 78. — Westinghouse governor. 

voir to the governor. Communication between E and the cylinder 
above A is closed by a needle valve F, which is held on its seat by 
the governor spring K. When the air pressure in the main reservoir 
gets up to its maximum, the pressure in B is sufficient to raise the 
small piston H against the governor spring K, lift F from its seat 
and allow the air to press on A and thus close the steam valve and 
stop the air pump, A small opening, £, allows the air above A to 
escape gradually into the atmosphere. As air is used in releasing 
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the brakes, the pressure in the reservoir will be reduced, and when ■ 
this happens, spring K can overcome the air pressure and seat F and 
spring D will then raise piston A, open the steam valve C and start 
the pump. 

The governor used for controlling the compressor for electric- 
driven air-brake systems consists of an ordinary Bourbon pressure 
gage with a special needle or hand, which upon coining in contact 
with a stud at the position of minimum pressure causes an electric 
current to flow through a-magnet coil. This coil operates a plunger 
to which the contact pieces for the motor circuit are attached and 



Fig. 79; — Belt regulator. 

in this way the circuit is closed and the motor started. As soon 
as the air pressure reaches the desired maximum the gage hand 
strikes another stud, causing current to pass through a second 
solenoid magnet which pulls the plunger referred to in the opposite 
direction and stops the compressor motor. 

By this mechanism it is possible to get a dose margin between 
the maximum and minimum pressure. This margin can be changed 
by moving the studs. 

Figure 79 shows a form of regulator for belt-driven compressors 
which stops the compressor when the desired maximum pressure 
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is reached. When the desired upper limit is reached the belt is 
shifted from the tight to the loose pulley. 

Norwalk Regulator. — One of the simplest forms of regulators 
for steam-driven air compressors is the one made by the Norwalk 
Iron Works shown in Fig. 80. It consists of a balanced steam 
valve A placed in the steam-pipe near the steam cylinder and con- 
trolled by the air pressure in the receiver. A small cylinder B 
. contains a piston connected with the 
balanced valve A by the stem C. Above 
this small piston is a stop screw D pro- 
jecting above the cylinder head for regulat- 
ing the lift of the piston. The air from the 
receiver is led through a small safety valve 
E which regulates the pressure at which air 
can escape into the cylinder B to move the 
piston. Above the disc of the small safety 
I valve is a spring whose tension is regulated 
by a screw F allowing the pressure at which 
air is permitted to enter cylinder B to be 
changed at will. The air passes into cyUn- 

_ „ ,, ,, der B below the piston and if no escape 
Fig. 80.— Norwalk . , , , , , . , . '^ 

governor. wtYt provided would drive the piston to 

the top of B. To regulate this a very fine 
slot is cut in the side of the small cylinder. When the piston 
rises it uncovers this slot and thus furnishes an escape for the 
air which is passing the safety valve. If only a little air enters 
then a small part of the slot will accommodate it and the 
piston will take a low position. With more air escaping the piston 
will rise higher and uncover more of the slot, thus providing a 
larger opening for its exit. As the slot is very fine, a very little 
difference in the quantity of air will cause the piston to assume a 
high or low position. After the small safety valve begins to blow 
an almost insensible increase of pressure in the reservoir will furnish 
enough more air to carry the piston to the top of the cylinder. 
Thus any degree of regulation is obtained by a very little difference 
of pressure, as the air which works on the piston in the small cylinder 
has only to p)erform the work of lifting the piston and valve suffi- 
ciently to uncover enough of the slot so that it can escape ; its pressure 
is very slight. 

The piston is fitted loosely and the whole apparatus moves as 
nearly without friction as can be imagined. 
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When this regulator is applied to compressors having a single 
steam cylinder, it is possible for the valve to be carried so high as to 
cut off all steam and to stop the engine on the center. This would 
be objectionable. To obviate this, there is placed on the top of 
the small cylinder a screw stop which can be set to prevent the 
closing of the steam valve more than is sufficient to run the engine 
at the slowest possible speed. 

Combined Governor and Regulator. — Another combined speed 
and air-pressure governor is shown in Fig. 8i. This not only 



Fig, Si. — Clayton governor. 

performs the functions of an air governor, but also prevents the 
compressor from operating at an injurious speed should a sudden ' 
drop in the air pressure produce a greater demand upon the com- 
pressor than its highest reasonable speed can supply. It consists 
simply of an adjustable stop attached to an ordinary centrifugal 
ball governor. .This stop is adjusted to suit varying pressures of 
air in the receiver caused by the varying demands that are made on it. 
Nordberg Governor. — A combined air and speed governor manu- 
factured by the Nordberg Manufacturing Company of Milwaukee, 
Wisconsin, is shown by Fig. 83. In this type of governor the speed 
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of the engine is controlled not only by the centrifugal action of the 
governor but also by any variation of the air pressure. The arm A 
controls the point of "cut-off" for the steam cylinder and is operated 
by the movement of the bell-crank C about the fixed point D. The 
rod E controls the bell-crank and is connected to what is called a 
floating lever B. This lever B is con- 
nected with the centrifugal governor F 
at J, and with a piston which is in com- 
munication with the air pressure at G and 
is held up by a weight H. 

It is evident from this arrangement 
that if the point G should remain station- 
ary and the point / should lower, rod E 
will be forced downward and A to the 
right; also, if point / should remain sta- 
tionary and point G should rise, the same 
movement will occur, and vice versa. 

That is, if the air pressure should rise 
above normal, the engine will have its 
supply of steam per stroke reduced, and 
if the air pressure should fall, the supply 
of steam will be increased; or, if the pres- 
sure of air remains constant, the governor 
wiU have the same control over the speed 
of the engine that the ordinary centrifugal 
governor has. 

Fig. 8i. Nordberg Unloading Devices. — Sometimes an air 

governor. compressor must be kept running at con- 

stant speed, and in order to prevent it 
from doing unnecessary work when the consumption is not equal to the 
capacity of the compressor, a device is used to remove the work or 
load of the air piston and allowit tomdve back and forth in its cylinder 
without doing any work. These are called unloading devices. Fig. 
83 shows the principle upon which many of them operate. 61 repre- 
sents a valve on the inlet pipe which is closed when the load is to be 
removed, preventing air from entering the cylinder. These unload- 
ing devices are frequently made use of in starting air compressors 
without any load until full speed is reached, when the load is put oQ 
as desired. 

Clearance Unloader. — One of the most recent unloading devices is 
arranged to vary the clearance on the compressor as the load changes. 
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This device is illustrated in Fig. 84 and its effect or operation is 
shown by the indicator cards of Fig, 85. 

This automatic clearance controller, as it is called, consists of a 
number of clearance pockets which are thrown automatically into 
communication with the ends of each air cylinder in proper succession, 
this process being controlled by a predetermined variation in re- 
ceiver pressure. 



Fig. 83. — Rand imperial unloader. 41, unloader body; 49, unloader cup 
leather; 50, unloader follower; 51, unloader follower screw; 52, unloader cylinder; 
S3, unloader cylinder cap screw; 54, unbader regulator cylinder body; 55, unloader 
adjusting plug; 56, unloader valve spring; 57, unloader piston; 58, unloader inlet 
plug; 59, unloader nipple; 60, unloader dirt collector; 61, unloader plunger. 

Regulation is obtained in five stages, viz., full-load; three-quarter- 
load; half-load; quarter-load, and no-load. 

When the compressor is operating at partial capacity^ the clear- 
ance space of the compressor is increased and, as a result, its volumet- 
ric efficiency is reduced without changing the suction or discharge 
pressures, or the speed of the compressor. 

On two-stage compressors these controllers are placed on both 
cylinders, thus maintaining a constant ratio of compression. The 
device is automatic and very satisfactory for use on compressors 
which are motor driven, or must, because of their method of opera- 
tion; be driven at constant speed. 
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Fig. 84. — Clearance unloader. 
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CHAPTER XI 

TURBO-COMPRESSORS 

The Engineering Magazine in recent issues has given a series of 
five articles on turbo-biowers and compressors by Franz zur Nedden, 
Superintending Engineer of Weise and Monski, Halle-Saale, Ger- 
many, from which the following material and illustrations have been 
gathered. 

The introduction of the steam turbine as a competitor of the 
reciprocating engine has necessitated a similar change in the design 
and construction of pumps, blowers, and compressors and has natu- 
rally led to the production of turbine machines built for compress- 
ing air or gases. 

The advantages of turbo-compressors, however, are not so apparent 
in small as in large size units, and the high cost of such units in the 
experimental development of this machine has made its introduction 
rather slow. 

The recent development, however, of exhaust steam turbines has 
stimulated the use of turbo-blowers. 

"It is well known that the economy of the steam turbine increases 
directly with its rotative speed, and even electric generators of the 
highest speeds are slow-running machines when compared with the 
steam turbine operating at the number of revolutions required to 
secure the best economy. The turbo-compressor, like the steam 
turbine, becomes more and more economical the faster it runs, and 
is therefore a proper companion of the steam turbine. Speeds of 
4,000 revolutions per minute and even more are not unusual to the 
design of turbo-compressors. 

'*If large volumes of compressed air are wanted in plants where 
considerable quantities of exhaust steam are available at the same 
time, the coupling of an exhaust-steam turbine with a centrifugal 
compressor becomes an ideal arrangement, and the combination is 
far superior in economy to the piston compressor driven by an 
electric motor or a high-pressure steam engine." 

Design of Turbo-compressors 

"In studying the development of turbo-compressors it is most 
interesting to observe that Rateau and Parsons dealt with the prob- 
lems of design quite differently. 

8 113 
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"Rateau Blower. — Prof. Rateau did not take the structural 
features of his new machine from his steam turbine, but from his 
high-lift tuibine pump. His turbo-compressor and turbo-pump are 
so similar that a superficial inspection of the drawing of the two 
machines might not reveal the difference (Fig 86). 



Fig. 86. — Original Rateau turbine blower. 

"The air upon entering the impeller near its nave is seized by 
the impeller blades and thrown outward radially. Its kinetic energy 
due to velocity upon leaving the periphery is changed into pressure 
in the fixed diffusor channel, and being led back toward the center 
the air enters the second impeller to undergo the same process in a 
second stage and so on. Some essential differences in the design 
of details will be taken up later on, 

"The Parsons Blower. — Mr. Parsons, on the other hand, made 
the turbo-blower merely an inversion of his steam turbine. Fig. 87 
shows a unit consisting of a standard Parsons steam turbine (on 



Fig. 87. — Parsons turbine blower witb steam tutbioe. 

the left-hand side) coupled direct with a turbo-blower of the usual 
Paisons type, and delivering 1,600 cu. ft, per minute against a pres- 
sure of 6 ttj 20 in. of mercury at speeds varying from 2,400 to 3,400 
revolutions. 

"The air is drawn into the chamber B, and conducted into the 
periphery blades of the runner A by fixed guide blades D. The 
following blades are not shown in the section merely for simplicity 
of outline. 
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"The principal divergence from the Rateau design is that the 
impellers of the Parsons turbo-blower throw the air in an axial direc- 
tion to the next guide apparatus. Parsons undertook to transform 
the kinetic energy of the air as it leaves the impeller blades into 
pressure by simply opposing plain straight blades against its flow. 
The second guide-wheel transmits the air axially to the second 
impeller, which again throws it axially into the third guide-wheel, 
and so on. Fig. 88 shows a developed section through several rows 
of blades. 

"The excellent reputation of the Parsons machines helped the 
introduction of his turbo-blower, which was rapidly accepted and 
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Fig. ^^, — Developed section of Parson's blades. 



put into practical operation. At a time when more than a dozen 
Parsons blowers were in operation or under construction, Rateau 
was still experimenting with his first turbo-blower. Nevertheless, 
Prof. Rateau succeeded in making up this delay and soon advanced 
to the point of combining several of his blowers in series, thus pro- 
ceeding to obtain final pressures of loo to 150 lb. per square inch. 
The excellent results which he and his assistant, Prof. Armengaud, 
obtained from their high-pressure machines induced even the 
licensees of Parsons steam-turbine patents to secure rights for the 
Rateau turbo-compressors. A caieful comparison of both systems 
will disclose some reasons for the rapid adoption of the Rateau 
system. 

"Cooling Turbo-compressors. — Increase of temperature makes 
special cooling arrangements indispensable, especially with turbo- 
compressors, i.e.y with machines compressing air to more than 20 
lb. per square inch absolute pressure. Economical cooling becomes 



116 AIR COMPRESSION AND TRANSMISSION 

a vital question in the thermiU efSdency of the compressor. On 
this point it decidedly excels the piston compressor, as it is impos- 
sible to cool the air continuously when it is compressed in cylinders. 
(See Figs. 89 and 90.) Here jacket cooling is the most important 
part of the whole cooling system, and the special intermediate 
coolers used between the separate cylinders of compound piston 



Fig. 89.— Diagram three-stage piston compression. 

compressors are generally considered wholly unnecessai y in the turbo- 
compressor. In the turbo- machine compression of the air proceeds 
much more gradually, the distance traveled by every particle of 
air is consequently much greater than with piston compressors, and 
the entire area available for the cooling influence of the water is 



Fig. 90. — Diagram of tubo compression. 

many times as large as that in the piston compressor of equal capac- 
ity; therefore, the air pumped by the turbo-compressor can be kept 
at nearly constant temperature throughout the operation. Cooling 
arrangements of the counter-current type can easily be used to give 
maximum effectiveness, a condition not readily attained in com- 
pressors of piston type. 
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"The principal differences noticeable between varioiis turbo- 
compressor systems are in their cooling arrangements. The various 
licensees of Prof. Rateau do not use a uniform cooling device. Fig. 
91 shows one of the first water-cooled Rateau compressors which 
has been successful in practical operation. Fig, 92 shows its internal 
features. Each of the three groups coupled in series contains seven 



Fig. 91. — Water-cooled turbo compressor. 

or eight stages. Each casing is separable horizontally into two parts, 
a form which seems to have become standard for turbo-compressors 
as it has for steam turbines. The cooling water enters the casing 
from below at the highest pressure stage of the group. It passes 
thence to the upper part through copper tubes, shown in Fig. 91, 
goes tiirough a core-hole at the top of the highest stage into the 
upper half of the highest stage but one, and again through copper 



Fig. 93, — Turbo compressor built by Brown, Boveri and Co. 

tubes into the lower half, whence it goes through a core-hole into 
the lower half of the next lower stage, and so on. Later, the copper 
pipes were replaced by small bored holes passing through the 
horizontal joints. (See F^. 92.) This system has the disadvantage 
that there is no assurance that the water shall completely fill up the 
cooling chamber, as the core-holes are not always at the very highest 
points of the chambers. 
"Messrs. Brown, Boveri & Co. avoided this difficulty, and, more- 
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over, greatly enlarged the cooling area by casting the vanes hollow, 
thus leading the air back to the center and creating a separate inte- 
rior cooling chamber B, Fig. 93 . The water, after filling chamber A , 
flows through the hollow guide vane into chamber B, and thence by 
special pipe D (which is screwed into 
' chamber B at its highest point) to the 
highest point of chamber A of the 
next stage. Though the excellence of 
this system cannot be denied, it is, on 
the other hand, very expensive, for the 
castings become highly complicated, 
and the foundry work, moreover, must 
be such as to guarantee that all sur- 
faces are absolutely smooth, as the 
frictional resistance of air is dependent 
on the roughness of the surface over 
FIG. g3.-Ipn^ved eoobng sys- ^^^ ;^ _ ^j^^ ^^^^ ^j ^^^^i^ 

tern tor turbo compression. , .'^ 1. ■ / ^ 

these casmgs was about 5 1/4 cents a 

pound in place of 3 1/2 for average casings, and even then this 
famous foundry could not avoid 15 to 20 per cent, waste. 

" C. H. Jaeger of Leipzig wisely separates the casing of his turbo- 
compressors into as many chambers as there are stages, and screws 
these together as shown in Fig. 94. Furthermore, he separates each 



Fig. g4. — Water-cooled Jaeger turbo 

stage into an upper and lower half. Though this system increases 
considerably the number of machined surfaces, it nevertheless 
insures small casings and enables the maker to manufacture the 
single stages on a large scale and to combine out of stock as many as 
are needed for any special requirement. 

"Expansion of Casing. — Another effect of temperature rise, and 
one which acts on the machine, is the expansion of the casing by 
heat. Special preventive measures must therefore be taken to avoid 
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any alteration in the relative position of the casing and the n 
As the casing rests by lateral supports on the bed-plate, the absolute 
height of its center above that bed-plate will change as soon as 
the casing becomes heated and expands. If the shaft, revolving 
within this casing with a clearance as small as i/iooo of an inch, is 
supported by bearings which remain practically cool, the distance 
between the center of the shaft 
and the bed-plate will remain 
unchanged. Therefore, the 
centers of the casing and of 
the shaft, which may coincide 
when both are cold, must 
differ as soon as the blower 
comes into operation and the 
temperature of the casing 
rises. The clearances will 
then not only become eccen- 
tric, but very probably the 
shaft and the vanes of the im- 
pellers will come into close 
contact with the fixed parts, 

causing heavy Motion and ^^^ ,5.-J,.g„'s i„,bo-bl.we,. 

because of the absence of any 
lubricating medium they would very likely seize. 

"Designers of turbo-compressors have overcome the difficulty of 
axial expansion by means already well known in the steam engine 
and the piston compressor. These difficulties are, of course, larger 
with long-extended turbo-compressors than with single-casing turbo- 
blowers. The blower illustrated in Fig. 95 rests with one end only 
on the bed-plate, the other end being free to move or expand. When 
additional stages are required, the design must be altered tc a form 
now quite generally adopted by the licensees both of Prof. Rateau 
and Messrs. C. H. Jaeger & Co. The body is supported only by the 
two terminal covers which cany the bearings. One of the bearings 
is fixed rigidly to the bed-plate, while the other is allowed to slide 
to some extent on the machine rest. (See Fig. 94.) With very long 
blowers, it might perhaps be advisable to suppoit the body by 
lateral feet, the machined surfaces of which might move freely on 
the bed-plate on exactly the same horizontal plane as the axis of the 
blower. In this way radial expansion would not alter the height of 
the geometric center of the casing above the bed-plate. 

"Runners. — Many of the problems that had been solved in design- 
ing steam turbines assisted in the solution of the design of turbo- 
blowers, but although Parsons was able to adapt his steam-turbine 
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ninners to his blower, the original designs of Rateau and Jaeger liad 

unsymmetrical runners, which had a tendency to become deformed 
under high speed. This difficulty was finally overcome by the use 
of impellers made with a solid hub with blades and lateral flanks of 
pressed sheet-nickel steel, as shown in Fig, 96. 

"It is not very difficult to insure tightness between the single 
stages of turbo-blowers and turbo-compressors. The pressure 




Fig. 96. — Jaeger's patent impeller. 

differences against which the clearances have to be kept tight are 
comparatively small, as the delivery pressure is distributed over 
many stages; and, on the other hand, long clearances are secured 
almost automatically as the stages are placed one after another in 
the casing. With air, as with water, the leakage resistance of a 
clearance is greater the longer and narrower it is, but the problem 



Fig. 97. — Labyrinth bushing. 

of maintaining tightness against leakage with gaseous media is 
facilitated by the labyrinth effect which is utilized on a large scale 
in the manufacture of steam turbines. 

"Figure 97 shows such a labyrinth as used by Brown, Boveri & 
Co., the action being briefly described thus: 

"The air passing through the small clearance A expands as it 
enters the following chamber B. By this expansion its pressure is 
greatly decreased, and it traverses the second clearance C at a con- 
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siderably lower pressure than that at which it passed through A; 
owing to the expansion in the second chamber D, still less pressure 
is left for forcii^ the air through the third clearance E, and so on, 
and it is therefore impossible for any considerable quantity of air to 
pass the labyrinth. 

"Balancing Axial Thrust. — The only point at which any great loss 
of air occurs is in connection with the usual methods for balancing 
the axial thrust. Special arrangements for this balancing become 
necessary, for, as with centrifugal pumps, the annular area opposite 
the entrance to each impeller is subject to a heavier pressure than 
the entrance itself. And, as with centrifugal pumps, there are sev- 
eral ways of obtaining perfect balance, perhaps the best being that 
illustrated in Fig. 98. 



Fig. gS.— Turbo blower of 25,000 cu. it. capacity. 

"Balance by Counter-position. — Here the blower draws the air 
from both sides, and delivers it after both halves of the entire quan- 
tity have been compressed separately in wheels of the same dimen- 
sions through which they pass in opposite directions. Thus, any 
axial thrust arising in a wheel on one side is balanced by an equal 
thrust exerted by a corresponding wheel on the other side. This 
advantage of balancing axial thrust most perfectly, and piactically 
wdthout any leakage losses, is paid for, however, In this instance by 
a cumbersome arrangement and poor efficiency. It is obvious that 
the use of double the number of rotating sheaves for compressii^ 
the same quantity of air doubles also the amount of energy lost by 
frictional resistance. In other words, a blower like that shown In 
Fig. 98 is simply two blowers, each for half the delivery, coupled 
in parallel; and, as the efficiency of all rotating machines drops with 
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decreasing delivery, it is clear that the efficiency of these two blowers 
must be lower than if the whole quantity were dealt with in one single 
machine. 

"Balancing by Diminishing Back Area. — Another design which is 
standard in the blowers of some of Prof. Rateau's licensees, for 



Fig. 99. — Balancing Rateau impellers. 



—Piston-balanced turbo 



example the Skoda-Werke at Pilsen, and Messrs. Kuehnle, Kopp 
& Kausch, at Frankenthal, is adopted from the well-known Rateau 
turbine pumps. The excess pressure acting on the back of each 
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impeller can be cancelled by simply diminishing this back area pro 
rata with the increase in pressure. This is done by leaving free an 
annular margin at the periphery of the back of each impeller as 
shown by Fig. 99. The disadvantage of heavy wear and tear, 
which appears when this system is used in turbine pumps, is certainly 
very much less serious when atmospheric air is dealt with. Never- 
theless, there is a certain loss due to the formation of vortices in the 
cells of the impeller where the air is confined by a rotating disc on 
one side and an immovable casing on the other side, and this defect 
is unavoidable in this otherwise excellent balancing system. 

'^Balancing by Balancing Piston. — The design which is now prac- 
tically standard, Fig. 100, is characterized by a continuous flow of 
air through the impellers on one direction, while the consequent 
axial thrust is reduced by other means. 

** Beyond the last stage there is fixed on the shaft a piston which 
is of the same diameter as the entrance of the impellers and extends 
as far as possible axially. It revolves with a very small clearance in 
a box containing a labyrinth, such as that described above. 

"One side of this piston is under the full pressure of the last stage, 
the other side being connected by a large pipe to the entrance cham- 
ber. The effort which the pressures of all the stages exert on the 
piston area is thus equal to the effort which the pressures of the 
single stages altogether exert on the single impellers, and as the two 
forces act in opposite directions the balance is perfect. Here 
again is another reason for limiting the number of stages that may 
be coupled together in a single casing, for although it is possible 
normally to keep the losses caused by the balancing piston, of a 
blower within limits of i per cent., this would not be possible if the 
pressure differences were as great as 50 lb. or perhaps 100 lb. per 
square inch. 

'^StuflSng-boxes. — ^The problem of a reliable, tight stuffing-box, 
which is so difficult in the design of turbo-pumps, can be most per- 
fectly and efasily solved in the turbo-compressor. The first group 
of a compressor, or the whole of any blower which is of the piston- 
balance type just described, needs, we might say, no stuffing-box 
at all, as both free ends of the machine are under atmospheric pres- 
sure, and if air should be sucked in around the shafts, no harm would 
be done, as air is just what the blower requires; only in cases where 
the blower has to deal with very poisonous or valuable gases would 
it be necessary to provide a special packing. In all the following 
casings (that is, in casings containing the high-pressure groups), 
stuffing-boxes may be wholly dispensed with by using a fully capped 
bearing, as in Fig. 92. The probability of water mixing with the 
oil would, of course, forbid this design with any good centrifugal 
pump or water turbine." 
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"Figure loi shows test curves taken during the practical operation 
of one of the latest turbine blowers supplied by C. H. Jaeger & Co. 
to the Grillo Zinc Works, Ltd., Hamborn on the Rhine. The curves 
show the relation between pressure, power absorbed by the blower 
spindle, efficiency, and duty at constant running speed. The pressure, 
horse-power, and efficiency, are ordinates over the respective duties 
as abscissae, in like manner to that followed in making these curves 
for turbine pumps. It is easily seen that over a fairly wide range 
the pressure and efficiency remain nearly constant, and the regulation 
of the capacity can therefore be made by simply throttling down 
the surplus quantity. The speed of revolution need not be altered, 
and alternating-current motors or an exhaust-steam turbine may 
readily be used for driving these blowers in their simplest form. 
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Fig. ioi. — Test curves, Jaeger's turbo-blower. 

"Coupling Compressors. — In some cases, as, for instance, in 
blast furnaces, it may be necessary to generate an extra high pres- 
sure for short periods. Such necessities may arise, for example, if 
the resistance of the air nozzles or of the column of melting ore is 
increased. The centrifugal blower running at constant speed would 
not be able to drive the air through the mains at a pressure much 
higher than normal. If, therefore, no means for regulating the run- 
ning speed are available, some aiiangement must be supplied such as 
that furnished by Sautter, Harle and Cie, to the iron works at 
Chasse. Fig. 102 shows how coupling either in parallel or in series 
is combined with perfect balancing of the impellers. 

"Although coupling the stages alternately either in parallel or in 
series permits us either to deliver a laige quantity at normal pressure 
or a reduced quantity at double that pressure, this mode of regula- 
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tion is unsuited to a great many cases. For instance, in the majority 
of chemical processes, the delivery of constant volumes of gas is 
necessary for the economical working of the process and the uniform 
quality of the product. One of the best known of these processes 
is the melting of pig iron in the cupola. The problem of delivering 

J(-., 




Fig. I02. — Arrangements for coupling turbo blowers. 

the constant volume against varying head can be solved only by 
using varying speeds, but under this condition it can be solved by 
the turbo-blower with almost unexcelled exactness. The means by 
which this is effected is an apparatus which has been called by its 
inventor, Prof. Rateau, the 'Multiplicator.' 

^^Rateau Multiplicator. — Fig. 103 shows a cross-section of the 
Multiplicator as applied in the well-known turbo-blower plant at 




Fig. 103. — Rateau multiplicator. 

Rothe Erde. The principle is the same as that of the Venturi water 
meter; that is, by tapering a pipe the velocity with which the gas 
passes through it is increased as the diameter is narrowed. As 
no addition or subtraction of energy is made during the passage of 
gas through the pipe, any increase of velocity must be accompanied 
by a decrease of static pressure. If the air be tapped from the narrow- 
est and widest points of the tapered pipe, and the tapping pipes be 
led to opposite sides of a movable piston, it is clear that the difference 
in static pressure on the two sides of the piston will either move that 
piston or exert a certain effort on the piston-rod. 
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"The greater the reduction of cross-section in the tapered pipe 
is made, the greater becomes the effect exerted through the piston- 
rod, and the greater also becomes the variation in that effort 
caused by any increase or reduction of velocity in the main; that is, 
of the quantity passing through this main per second. Therefore, 
to obtain a very sensitive piece of apparatus powerful enough to 
move a governor gearing when the variation in the delivery is 
but I or 2 per cent., it. would be necessary to make such a great 
difference of cross-sectional area that the resistance of the mains 
would be considerably increased by. the throttling effect of the taper. 



Fig. 104. — Piston controlled by 
multiplicator. 




Fig. 105. — ^Connection b 
and regulator 



"Here the ingenuity of Prof, Rateau's method appears. He 
tapers the main but very slightly and inserts at the narrowest end 
a system of pipes as shown in Fig. 103. At the point a the static 
pressure is already reduced somewhat below that in the normal 
pressure main. At the point b the pressuie of the small quantity 
tapped off at a is again decreased. Finally, the static pressure al 
c is in turn much lower than at b. The effect of this arrangement 
is so great that with a velocity of 60 ft. per second in the mains, 
the difference of static pressure between a and c was about 6 in 
mercury, while the loss occasioned by the whole installation was al 
the same moment not moie than 3/8 in. of water column. By put- 
ting the two ends of the cylinder A , Fig. 104, in connection with the 
narrowest and widest points of the tapered piping system, a consid- 
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erable force can be exerted on the spring B. It can easily be cal- 
culated that a difference of 2 1/2 lb. in total pressure is generated 
by a variation of about i per cent, in the velocity of the air current 
passing through the mains; that is, when the quantity delivered 
by the blower varies by about i per cent., a force of about 2 1/2 
lb. becomes available for moving the regulator. 

"Figure 105 gives an idea of the manner in which the gearing was 
arranged in a special case. The speed regulator and regulating 
throttle valve of a Parsons steam turbine were influenced simulta- 
neously. In like manner the regulating lever of any driving electric 
motor can be moved in exact proportion to the momentum of the 
air piston, as shown in Fig. 103.' 

''It is very interesting to see how this achievement enabled turbo- 
blowers of the Rateau system to create an entirely new field for them- 
selves. One of the licensees of Prof. Rateau, the machine-manu- 
facturing establishment of Kuehnle, Kopp& KauschatFrankenthal, 
delivered some turbo-blowers for the Anilin and Soda Factory at 
Baden for the purpose of blowing air through the electric arc in the 
newly invented process of obtaining nitric acid directly from the at- 
mosphere. These turbo-bloweis were to replace reciprocating blow- 
ers, which had caused great trouble and expense. It was necessary 
to connect them with a very large air-tank in order to produce reason- 
able steadiness of the air current, and when inspection of the recipro- 
cating blowers was necessary, it was impossible except by the skill 
of very experienced mechanics, and even then only with the greatest 
risk, to take one of the blowers out of service and at the same time 
start ancther without interfering with the continuous current of 
air. The turbine-blower not only gave an absolutely continuous 
air current, but proved so safe in operation that no change of blowers 
was needed during the entire process, which generally lasts uninter- 
ruptedly for several months. 

^'Mixing Blower. — ^This extraordinary ^success of the turbo- 
blower impelled the Badische Anilin and Soda Fabrik to order 
from Kuehnle, Kopp & Kausch another kind of turbo-machine — 
that is, a mixing blower, which is shown in Fig. 106. Two different 
gases are drawn by different sets of impellers, keyed on the same shaft, 
and are delivered to two different delivery pipes. This arrangement 
has the advantage that owing to the compulsory equality of speed 
of both impeller groups, the relation between the quantities of the 
gases continuously delivered is absolutely the same (that is, it is 
proportionate to the cross-sections of the impellers) providing the 
resistance remairis equal in both delivery pipes. As this last con- 
dition cannot be kept uniform during the chemical process, auxili- 
ary throttle valves are inserted in the delivery pipes and worked 
by two Multiplicators. These latter, after carefirl adjustment, 
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insure the maintenance of absolutely constant mixing rates between 
the two deliveries under all conditions. The makers were required 
to guarantee that the mixing ratio should be kept constant within 
a margin of-i per cent., and their machines weie so perfectly designed 



Fig. io6. — Turbo- compressors tor mixiog air and gas. 



Fig. 107. — Rateau turbo-compressor, 140,000 cu. ft. per hour. 

that the Badische Anilin and Soda Fabrik at once began to develop 
new processes foi the electric synthesis of gases, which were made 
possible only by the new mixing turbo-blower." 

The cross-section of a Rateau Turbo-compressor of 140,000 cu. 
ft, per hour running at 4,600 r.p.m. is shown as Fig. 107. 



CHAPTER XII 

HYDRAULIC COMPRESSION OF AIR 

The method of compressing air by means of falling water, without 
the use of any other moving part whatever, forms one of the most 
interesting topics in the subject of air compression. 

The large installations in northern Michigan, together with the 
large compressors of the same type in British Columbia, Quebec 
and Connecticut, give some idea of the extent to which this very 
simple method of utilizing the energy of falling water is being ap- 
plied. All of these installations have been completed within very 




Fig. io8. — The trompe. 



Fig. 109. — Frizell's hydraulic compressor. 



recent years and their success gives promise of many more such 
plants being planned. 

Trompe. — One of the oldest forms of compressing air is by means 
of a trompe or water bellows, a device of historic interest, in which 
water was lead from a higher to a lower level through a pipe or bam- 
boo pole with openings in the side through which air entered and 
mingled with the descending water and was later trapped from it, 
as shown in Fig. 108, for use in forges. 

A great many impovements have been made on this early ap- 
paratus and quite distinct types developed from it. 

Frizell's Compressor. — One of these is shown in Fig. 109, the 
invention of J. P. Frizell of Boston, Massachusetts. This device 
utilizes an inverted syphon having a horizontal passage C between 
9 129 
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the two legs, B and F. A stream of water is led into the upper end 
of the longer leg B and at the top of the horizontal passage C be- 
tween the two legs of the syphon, an enlarged chamber, D, is con- 
structed in which the air separates from the water. The water 
freed from the air passes up the shorter leg, F, of the syphon to the 
tail race. The pressure of air accumulating in the chamber is 
determined by the height of water in the shorter leg. 

This application of carrying upward the water after the air is 
separated from it seems to have been original with Mr. Frizell, and 
in this respect his device differs from the old trompe. 

Mr. Frizell made two working models of this type of apparatus. 
In the first one, the legs of the syphon were 3 in. in diameter, 
the head of water being 25 in. and an efficiency of 26 1/2 per cent, 
was obtained. A larger apparatus was then constructed at the 
Falls of St. Anthony on the Mississippi River a few miles above 
St. Paul; the longer leg of the syphon in this plant was 15X30 in. 
and the shorter leg of the syphon 24X48 in. in section; the height 
of water above the air chamber was 29 ft. The head in feet varied 
from 0.98 to 5.02; the first head being just sufficient to cause a flow 
through the pipes. With the working head changed from 2.54 ft. 
to 5.02 ft., the efficiency varied from 40.4 per cent, to 50.7 per cent., 
the quantity of water in these cases varying from 5.92 to 11.89 cu. 
ft. per second. 

Mr. Frizell estimates from the experiments he has made that with 
a shaft 10 ft. in diameter, a depth of 120 ft. and a fall of 15 ft., the 
efficiency would be 76 per cent. ; and with a head of 30 ft. and a fall 
of 230 ft. the efficiency would be 81 per cent. 

Mr. FrizelPs first experiments involved a large outlay in cost of 
plant and were not entirely satisfactory; but where there is a mod- 
erate water fall and plenty of water, this is no doubt a very simple 
method of compressing air. 

This system is applicable to either high or low falls and although 
no installations of this type of air compressors were made until a 
number of years after Mr. FrizelFs patents were obtained, the fact 
that he is the pioneer in this line entitles him to a great deal of 
credit. 

The following explanation of this system is taken from The 
Railway and Engineering Review, Sept. 17, 1898. 

"The general principles underlying this method of compression is 
familiar to most in one form or another. For instance, it is well 
known how readily water breaks into foam, which is due to its being 
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impregnated with air in minute bubbles. Since bubbles rise in water 
at a velocity depending on the size of the bubble, it is obvious that 
air drawn into a current of water moving downward with a velocity 
in excess of that at which the bubbles rise will be carried down and 
subjected to a pressure corresponding to the depth attained, and 
moreover the compression will take place isothermally, a process 
which is not accomplished by any method of piston compression. 
If the direction of the water be then altered to a horizontal one, the 
air will rise in a few seconds to the top of the passage and accumulate 
in a suitable chamber under the desired pressure. The length of 
the horizontal tunnel will be controlled by the necessity of placing 
the entrance to the air chamber far enough from the descending 
branch to admit of the complete escape of the air bubbles. 

" A method of introducing air into the descending column of water 
is to surroimd the shaft with a bulkhead of masonry, over which 




Fig. iio. — Syphon bulkhead. ^ 

the water is led in a covered channel, the bottom of which rises a 
little above the highest level of the water. This forms a syphon 
as shown in Fig. no. 

''At the point A the pressure within the syphon is less than that 
of the external air, and the latter will flow in through any opening. 
This is evident, because the flow of water depends upon the syphon 
principle. This space A extends around the masonry bulkhead and 
is in communication with the atmosphere. It is also connected with 
a pump for the purpose of removing any water that may collect in it, 
the amount of air being regulated by opening or closing holes in 
chamber ^." 

Baloche and Krahnass Compressor. — Another device, shown in 
Fig. Ill, differs somewhat from that of Mr. Frizell. It was invented 
by A. Baloche and A. Krahnass in 1885 and consisted of a syphon, 
By carrying water from an upper to a lower reservoir, the lower end 
of the syphon being projected through an inverted vessel, R, placed 
nearly at the bottom of the second reservoir. Just beyond the bend 



132 AIR COMPRESSION AND TRANSMISSION 

in the syphon and in line with the axis of its longer leg, an air pipe, 
T, projected into the descending leg of the syphon. This entrained 
the air with the descending column and carried it down into the in- 
verted chamber, R, from which the air escaped at the top, while the 
water passed out from the bottom into the lower reservoir. This 
apparatus produced pressure on the air in the top of the inverted 
chamber due to the height of the water column upon it. 

Arthur Cwnpressor,^ Another device, shown in Fig. 112, patented 
by Thomas Arthur in 1888, differs from the last in having a stream 



Fig. III. — Baloche and Krah- FiG. 113. — Arthur's hydraulic com- 
na^'s hydraulic compressor. pressor. 

of water led directly into the top of the vertical pipe A. Inserted 
into the mouth of this pipe is a double cyUndrical cone, C, forming 
an annular air passage between it and the waUs of the pipe A . Owing 
to the increase in the velocity of the water passing through the nar- 
row throat of the double cone, air is inhaled through the pipe D, 
through the annular space mentioned and through perforations in 
the lower cone and is entrained with the faUing water. 

Through the down-flow pipe A rises a vertical delivery pipe, Z, 
for the compressed air, having its lower end, H, enlarged and open at 
the bottom. Projecting upward into this enlarged air-delivery pipe 
is a water escape pipe, F, through which the water passes after 
parting with the air. The escape pipe is in the form of an inverted 
syphon and maintains on the air in the delivery pipe Z a pressure due 
to the elevation of the water at the discharge point above the ah" line 
in the large end of the delivery pipe. 
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Taylor Compressor. — The hydraulic compressor system of Mr. 
Taylor is shown by Fig. 1 13. The laxge recent installations referred 
to are principally based upon his patents. 

With Taylor's system a series of small air pipes placed vertically 
in the upper end of the falling column of water introduce the air into 
the water. The compressed air and water are separated at the 
bottom of the shaft. 

Mr. Taylor seems to have been the first to introduce the plan 
of dividing the air inlets into a great number of small openings 
evenly distributed over the area of the water inlet. 



Fig. 113. — Taylor's hydraulic compressor. 

In the figure shown, these air tubes are represented at C, all 
terminating at the conical entrance B to the down-flow pipe S. The 
water supply is furnished to this down-flow pipe through a flume D. 
As the water falls it draws air through the small tubes, carrying it 
down to the separating tank G, where it is liberated at a pressure 
depending on the weight of the water in the vertical pipe H. 

The compressed air is then conducted through the pipe K to the 
place to be used. The distance from M to the tail race L represents 
the height or fall of water that is available. 

Taylor at first seems to have attempted to utilize centrifugal 
action in causing the separation of the air and water in the large 
chamber at the bottom, but afterward abandoned this scheme and 
used instead forms of deflector plates in combination with a gradu- 
ally enlarging section of the lower end of the down-flow column in 
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order to decrease the velocity of the air and water and cause the 
water to part more readily from the air. 

The position of the hopper or frame carrying the air inlet tubes 
regulates the amount of water that is admitted to the vertical pipe. 
The quantity of air regulates itself and is neither more nor less than 
the given quantity of water can carry. If the descending column is 
so loaded with air that it does not preponderate sufficiently over the 
ascending column, the water in the former will rise, the commotion 
will diminish and less water will enter. In the contrary case the 
water falls, commotion increases and more air is taken in. 

Taylor Compressor at Magog, Quebec. — The first one of these com- 
pressors on the Taylor principle was installed at Magog, Quebec, to 
furnish power for the print works of the Dominion Cotton Mills 
Company. The head of water is 22 ft., the down-flow pipe is 44 in. 
in diameter and extends downward through a vertical shaft 10 ft. 
in section and 128 ft. deep. At the bottom of the shaft the com- 
pressor pipe enters a large tank 17 ft. in diameter and 10 ft. high, 
which is known as the air chamber and separator. 

A series of very careful experiments have been conducted at the 
Magog plant by Professor Kennedy and others; and it has been 
demonstrated that with a head of 19 1/2 ft. of water using 4,292 cu. 
ft. of water per minute, the equivalent of 1,148 cu. ft. of free air per 
minute was recovered at a pressure of 53.3 lb. showing that of a 
gross horse-power of 15 8.1, 117. 7 h.p. of effective work was used in 
compressing air, giving an efficiency of 71 per cent, which is very 
satisfactory. 

This compressed air was then used in an old Corliss engine, with- 
out changing the valve gear in any way from what it was when 
adjusted for steam, and 81 h.p. was recovered, showing a total of 
work recovered from the falling water of 51.2 per cent. When the 
compressed air was heated to 276° before being used in the engine, 
III h.p. was recovered. The heating required 115 lb. of coke 
per hour, equal to about 23 h.p. The efficiency, therefore, including 
the falling water and the fuel consumed, was 61 1/2 per cent. It 
has been calculated from other experiments that if the compressed 
air had been heated to 300° the total efficiency secured woiild have 
been 87 1/2 per cent. 

When it is considered that a good water turbine will give an effi- 
ciency of 85 per cent, and that part of the power developed in 
the turbine will be lost through transmission before the power is 
available, it is evident that this system is a very efficient method 
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of generating and transmitting power. For if the efficiency of the 
turbine is 85 per cent, and that of the system that is used for con- 
verting the power in the turbine into a more available form 80 per 
cent., the total efficiency of the system will be 0.80X0.85 or 68 
per cent. 

This shows the immense importance of this device. Its field of 
usefulness is certainly a large one. 

Taylor Compressor at Ainsworth, B. C. — Figure 114 illustrates 
a sketch of the upper part of the Taylor Hydraulic compressing 
plant at Ainsworth, B. C, which is 
quite unique in that it did not re- 
quire the sinking of a very deep 
shaft. The apparatus is constructed 
against the vertical wall of the 
canyon in the rugged mountain dis- 
trict in which it was built. The 
plant is located on Coffee Creek to 
the south of Ainsworth and about 
21/2 miles from the principal mines 
to which it supplies compressed air. 
The creek has a flow varying from 
2,500 cu. ft. per minute to several 
thousand, and the flume used is 
stave barrel construction, round 
steel bands being bolted around it 
every 3 ft. The flume is 1,350 ft. 

in length, 5 ft. in diameter in the 

, ,, M i_i i_ J X ^i_ Fig. 114. — Taylor's compressor at 

clear, the available head at the A' th B C 

compressor being 107 1/2 ft. The 

water at the compressor tower is received in a wooden tank 12 ft. 
in diameter and 20 ft. in height. A down-flow pipe passes from 
the water level through the bottom of this tank down perpendic- 
ularly and at the creek level a shaft extends to a depth of 210 ft., 
making a total vertical height to the shaft of over 300 ft. 

This down-flow pipe, which is 2 ft. 9 in. in diameter outside, is 
also of stave construction throughout, the bands being placed 
from 6 in. to 3 ft. apart, depending on the pressure to which a 
particular section is subjected. 

This terminates in a great bell-shaped chamber at the bottom 
of the shaft 17 ft. in diameter and 17 ft. high, the bottom of this 
chamber being about 2 ft. above the bottom of the shaft, thus allow- 
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ing the water to pass out and up the shaft to the taU race. A deep 
circular groove was dug in the bottom of the shaft to aid in separating 
the air from the water. 

As the distance from the water level of the air chamber to the 
tail race is about 200 ft., the pressure on the air is about 87 lb. 
per square inch. 

The air is conducted from the compressor through a 9-in. pipe 
which supplies compressed air through several branches to over 
15 mining properties. The total length of pipe is over 2 miles. 
A pipe reaches from the surface of the creek level — that is, the tail 
race — to the dividing line between the air and water of the large 
chamber at the bottom; so that if more air is being compressed 
than is being used, the water line in this chamber will be lowered 
and the surplus air escape, while if the pressure of air falls, the escape 
pipe will be closed. 

The actual effective head of water in the apparatus is 107 1/2 ft. 
and if a turbine had been used, with an efficiency of 75 per cent, 
the available horse-power generated would amount to 620. 

This installation has cost in the neighborhood of $60,000, including 
incorporation, water-power, development and pipe line. Of this 
investment, $20,000 will cover the pipe-line cost, $10,000 the water- 
power improvements, and $30,000 the compressor cost. This 
last item was unusually high because of the extremely hard founda- 
tion through which the shaft was sxuik. 

Taylor Compressor at Victoria Mine, Mich. — In 1906 a large 
plant of this type was installed at Victoria Copper Mine near Rock- 
land, Ontonagon County, Michigan, which consisted of three com- 
pressing units with a total capacity of from 34,000 to 36,000 cu. ft. 
of free air per minute. A series of tests made on a single intake 
head by Prof. F. W. Sperr, gave the following results: 



TABLE X.— AIR MEASUREMENTS 



Square feet 
area 


Velocity 
feet per 
second 


Cubic feet 

per 

minute 


Absolute pressures 




Free air, 
pounds 


Compressed 
air, pounds 


Horse-power 


4 
4 
4 


44.09 

49-74 
38.50 


10,580 

11,930 

9,238 


14 
14 
14 


128 
128 
128 


1,430 
1,623 
1,248 
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TABLE XI.— WATER MEASUREMENTS 



Flume 
area 


Velocity 
feet per 
second 


Cubic feet 

per 

minute 


Head, feet 


Horse-power 


Efficiency, 
per cent. 


71.75 
67.03 

72.16 


3.033 
3.684 
2.936 


13,057 
14,820 

12,710 


70.5 
70.0 

70.6 


1,741 
1,961 

1,700 


82.17 
82.27 
73.50 



Phenomena of Hydraulic Air Compression. — There are several 
phenomena in connection with this method of compressing air that 
at first thought seem paradoxial. 

In compressing air by hydraulic means, the air becomes drier 
during the compression, but no matter what may be its initial 
condition as to humidity at the end of compression it will, in all 
probability, be saturated with moisture. 

Air almost always contains moisture. Its capacity for moisture 
is determined by the combined conditions of pressure and tempera- 
ture to which it is at the time subjected. 

Changes, either of pressure or of temperature, immediately change 
the capacity of air for water, and if the free air is saturated with 
moisture its capacity for water will be reduced whenever the pres- 
sure is increased or the temperature decreased, and in consequence 
water will be precipitated. 

When air is compressed by hydraulic means, isothermal com- 
pression is secured and, generally speaking, at uniform temperature 
a given volume of air implies a capacity for a certain weight of 
water whether the air is at a pressure of one or one hundred at- 
mospheres, but if the air is compressed through a range from i to 
100 atmospheres, its volume will be reduced, if the compression is 
isothermal, to i/ioo the original volume, and in consequence 
99/ioc of the weight of moisture it originally held will be precipi- 
tated. The air is still saturated, but the total weight of water held 
in suspension has been reduced. That is, this method of com- 
pression has reduced the weight of moisture present in the air and 
hence dried it, but at the end of compression the air is saturated 
with moisture. 

Another interesting phenomenon in connection with this type of 
compressor has recently been brought to light. It has been found 
that air compressed by this method contains less oxygen than free 
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air of the atmosphere and in consequence its use in mines is not as 
beneficial as air from other types of compressors. 

It will be observed that, with this construction, the material used 
for the down-flow pipe need only be of sufficient strength to carry 
the weight of water and pressure generated in the working head of 
the water-power, as once it reaches the tail race level the internal 
pressure is gradually neutralized from that point down by the pres- 
sure in the return water surrounding the down-flow pipe; so that any 
pressure almost may be reached without increasing the strength of 
the down-flow pipe. The material for the down-flow pipe may be 
iron or wood hooped with iron, and the shaft may be constructed 
of inexpensive timber as it is preserved by being constantly in the 
water. 

By this method, low falls, otherwise useless, are made available 
and the same pressures can be obtained as from high falls, the horse- 
power being determined by the diameter of the down-flow pipe, and 
the height and volume of water in fall, while the pressure depends 
solely upon the depth of the well or shaft; therefore, an> desired 
pressure can be obtained. 

Briefly stated, the air is compressed by the direct pressure 
of falling water without the aid of any moving mechanism and prac- 
tically without expense for maintenance or attendance after instal- 
lation. 

By this system any fall of water varying in working head may be 
utilized, any pressure required can be produced and uniformly 
maintained up to the capacity of the water-power, delivering the 
compressed air at the temperature of the water. 

This drying of the air and the fact that practically isothermal 
compression is secured, form the great advantages of this system 
of air compression. The initial cost need not be excessive, and as 
the cost of attendance is slight, for certain purposes the method is 
ideal. Its field of operation is quite broad, as a high fall of water 
is not essential, for any desired pressure can be obtained from any 
fall, the capacity being determined by the power available in the 
water fall. 

Losses of Hydraulic Compression. — The losses inherent in this 
methodof compression are: (i) The head expended in impregnating 
the water with air. This usually amounts to about i ft. 

(2) A loss which may be called the slip due to the velocity with 
which the bubbles tend to rise. It is obvious that the rise of bubbles 
during the decent of the water is a lost motion which deducts from 
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the efficiency of the system and in addition there is a head con- 
sumed in friction. 

(3) A loss due to the increasing solution of the air in the water 
with the increasing pressure as the water and air descend. 

This air does not separate from the water in the lower chamber but 
is elinunated in the ascending shaft in the same order that it is 
dissolved in the descending shaft. The escaping air in the ascending 
shaft aids the movement of the water and this partly balances the 
loss in the descending column. 

There are on the market to-day small hydraulic air compressors 
for furnishing compressed air in small quantities for dental and other 
purposes. They can be operated by water pressure from any water- 
works supply and on this account are particularly adapted for such 
purposes. 



CHAPTER XIII 

EFFECT OF ALTITUDE AND COMPRESSOR TESTS^ 

As the density of the atmosphere decreases with the altitude, a 
compressor located at a high altitude will take in a smaller weight 
of air at each stroke, that is, if the compressor is located at a high 
altitude, the air is taken in at a lower pressure and in consequence 
the early part of the compression stroke is occupied in compressing 
the air from this lower density up to a standard atmospheric pressure 
at the sea-level. The reduction of pressure at the inlet would, of 
course, afiFect the power expended in compressing the air, but the 
decrease in power required does not vary in the same ratio as the 
decrease in capacity. For this reason compressors to be used at 
high altitudes should have the steam and air cylinders properly 
proportioned to meet the varying conditions at different levels. 

Effect of Altitude on Capacity. — ^This matter is of special im- 
portance in connection with mining operations, because of the large 
number of mines situated in elevated mountain regions. The rated 
capacities of compressors, in cubic feet of air, as given in the makers' 
catalogues, are for work at normal atmospheric pressure, and due 
allowance must be made for decreased output at elevations above 
sea-level. This reduction in output, which is usually also tabulated 
in handbooks and catalogues, should receive due consideration in 
order to avoid serious errors. For example, the volume of 
compressed air delivered at 6o-lb. pressure, at 10,000 ft. elevation is 
only 72.7 per cent, of the volume delivered at the same pressure by 
the same compressor at sea-level. In other words, a compressor 
which at sea-level will supply power for 10 rock-drills, will at an 
elevation of 10,000 ft. furnish air for only 7 drills. 

Effect of Altitude on Power. — ^The foregoing statement relates 
only to the volumetric capacity of the compressor. It must be re- 
membered that the heat of compression increases with the ratio of the 
final absolute pressure to the initial absolute pressure. As this ratio 
increases with the altitude, more heat will be generated by compres- 
sion to a given pressure at high altitudes than at sea-level. This 
additional heat temporarily increases the pressure of the air in the 
cylinder while under compression, and more power is therefore re- 

* Peele, Compressed Air Plant. 
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quired to compress and deliver a given quantity of air. The cor- 
responding loss of work, due to the subsequent cooling of the air in 
receiver and piping, also increases with the altitude. 

Relation between Altitude and Volume. — Contrary to a common 
impression, the volume of air delivered by a given compressor does 
not bear a constant ratio to the barometric pressure, but at different 
altitudes this volume decreases slower than the barometric pressure. 
This relation may be shown as follows: Two ideal indicator cards are 
represented in Fig. 115, one of a compressor working at sea-level with 




Fig. 115. — Effect of altitude. 



an initial pressure Pi, the other at an altitude with a lower initial 
pressure P2. The initial volume V and the final gage pressure P 
are the same for both compressors, Pz and P4 being the respective 
final absolute pressures. Vi and F2 are the final volumes, corre- 
sponding to the dotted isothermal curves, these volumes being 
taken as the basis because they are those to which the compressed 
air will eventually shrink on losing the heat of compression. From 
the theory of air compression, 

V Pz 
FPi=FiP3,or^=,,? (i) 



and 



Fi Pi 

V Pi 
VPi=V-J'i, or ".-= j,^ 



(2) 



But since Pz=P\-\-P, and Pi=Pi-\-P, equations (i) and (2) may 
be written: 



and 



Vx Pi '■'"Pi 
V Pj+P_ P^ 

Vi Pi "'■'"Pj 



(3) 



(4) 
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Dividing equation (3) by equation (4) 

Y=—p' or Fi : F, : : i+j-^ : 1+^ (5) 

'+P. 

This gives an expression for the ratio between pressure and volume 
at sea-level and for any altitude above sea-level, of which the corre- 
sponding barometric pressure is P2. Thus, let P2 = i o lb. , P = 90 lb. , 
and Fi=o.i404 cu. ft. By substituting these quantities in equa- 
tion (5), V2 is found to be 0.0999, or approximately o.i cu. ft. 

In Table XII, columns 4 and 5, are given the relative volumetric 
outputs, at gage pressures of 70 and 90 lb. of a compressor working 
at different altitudes, the figures being percentages of the normal 
output at sea-level. These percentages have been derived by 
Mr. F. A. Halsey from equation (5), a constant loss of initial pressure 
of C.75 lb. being assumed to allow for the resistance presented by 
the inlet valves, to which reference has been made in another 
chapter. That is, for practical purposes the sea-level atmospheric 
pressure is taken as 14, instead of 14.7 lb. The other columns 
show the mean effective pressures and indicated horse-powers, 
corresponding to different altitudes, up to 15,000 ft., which will be 
found convenient for reference. It should be noted from the figures 
in colunms 4 and 5, which are for the ordinary range of pressure 
employed in mining, that, though there is a difference of 20 lb. 
between the two gage pressures, yet the outputs at different altitudes 
vary only by a few thousandths and may often be neglected.^ 
Wide differences, however, occur in the columns of mean effective 
pressures and horse-powers. 

Owing to the increase of piston displacement per indicated 
horse-power, as shown in columns 8 and 9 of the table, some 
builders make the air cylinders of compressors for mountain work 
of larger diameter for the same size of steam cylinder than those 
for sea-level service. As against the losses of the air end of the 
compressor at high altitudes, there is some gain in mean effective 
pressure of the steam cylinders, because the exhaust takes place 
against lower atmospheric pressure. The same is true in part 
of the air exhaust of machines using the compressed air. But the 

* Attention may be called to the fact that for this reason, in compressor- 
builders* catalogues, no account is taken' of the gage pressures in tables of 
compressor capacities at altitudes. 
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resultant of these gains is small and cannot be given much weight 
in offsetting the losses. 



TABLE XII 





Barometric 
Pressure 


Altitude, 
feet 


Inches 
mer- 
cury 


Pounds 

per 
square 

inch 





Relative out- 
put for gage 
pressure 



70 lb,. 



90 lb. 



M.E.P. for 
gage pres- 
sure 



70 lb. 



90 lb. 



Cubic feet 
piston dis- 
placement 
per indicated 
horse-power 
for gage 
pressure 



70 lb. 



90 lb. 



Cubic feet 

compressed 

air per indicated 

horse-power 

for gage 

pressure 



70 lb. 



90 lb. 



8 



10 



II 



o 

1,000 

2,000 

3,000 

4,000' 

5,000 

6,000 

7,000 

8,000 

9,000 

10,000 

11,000 

12,000 

13.000 

14,000 

IS. 000 



30.00 


14.75 


1. 000 


1.000 


33.1 


38.2 


6.93 


5.99 


1. 144 


28.88 


14 . 20 


0:967 


0.966 


32.6 


37.6 


7.03 


6.09 


1. 123 


27.80 


13.67 


0.93S 


0.933 


32.1 


36.9 


7.15 


6.20 


1. 103 


26.76 


13.16 


0.904 


0.900 


31.5 


36.3 


7.27 


6.31 


1.084 


25.76 


12.67 


0.873 


0.869 


31.0 


35.6 


7.39 


6.43 


1.065 


24.79 


12.20 


0.843 


0.839 


30.5 


35.0 


7.51 


6.55 


1.046 


23.86 


11.73 


0.813 


0.809 


30.0 


34.3 


7.65 


6.67 


1.028 


22.97 


11.30 


0.78s 


0.780 


29.4 


33.7 


7.80 


6.79 


I. on 


22.11 


10.87 


0.758 


0.751 


28.9 


33.1 


7.94 


6.92 


0.994 


21.29 


10.46 


0.731 


0.723 


28.3 


32.5 


8.09 


7.06 


0.976 


20.49 


10.07 


0.70s 


0.696 


27.8 


31.8 


8.24 


7.20 


0.959 


19.72 


9.70 


0.680 


0.671 


27.4 


31.2 


8.39 


7.34 


0.942 


18.98 


9.34 


0.656 


0.647 


26.9 


30.6 


8.54 


7.49 


0.925 


18.27 


8.98 


0.632 


0.623 


26.3 


30.0 


8.71 


7.64 


0.908 


17.59 


8.6s 


0.608 


0.600 


25.8 


29.4 


8.88 


7.80 


0.891 


16.93 


8.32 


0.585 


0.576 


25.3 


28.8 


9.06 


7.96 


0.875 



0.801 

0.787 

773 
759 
746 
733 
720 
0.708 
0.695 
0.683 
0.670 
0.658 
0.646 

0.635 
0.624 
0.613 



The relation between compressor output and barometric pressure 
may be expressed simply in another way. Take the case of two 
compressors of the same size, one operating under an atmospheric 
pressure of, say, 14 lb. and the other at 10 lb. (corresponding approxi- 
mately to an altitude of 10,000 ft.). If the first compressor is 
producing 6 compressions, the final absolute pressure will be 14X6 
= 84 lb. or about 70 lb. gage pressure. To produce the same gage 
pressure, the other compressor must work to an absolute pressure 
of 70+10 = 80 lb., the number of compressions corresponding to 

which is — = 8. From each cubic foot of free air the compressor 

will .produce 1/6 of a cu. ft. of compressed air, and the second 
compressor, 1/8 cu. ft. Hence, the ratio of the respective outputs 
of the two compressors will be 1/8-7-1/6=3/4 or 0.750. As com- 
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pared with this, the ratio of the respective barometric pressures 



. lO 

IS — = 0.714. 
14 



COMPRESSOR TESTS 



To indicate the observations required to secure the data for 
the complete test of a compressor, together with the deductions 
from the observed data, the following record of the test of a com- 
pound, two-stage Nordberg compressor, at the mines of the Tennes- 
see Copper Co., will be found useful.^ It will be noted that items 
28, 29 and 32 to 35 are necessary in this case, because the boiler 
plant supplied steam for the hoisting engine and an independent 
condenser, as well as for the compressor. Though the hoist was 
not running, steam was passing continuously to the jackets of the 
cylinders. The same conditions would often be met in other tests. 
The boiler-feed water was taken from a wooden tank, and during 
the run this water was supplied from two barrels on scales set 
temporarily over the tank. The water of condensation from steam 
jackets and reheater was drawn off continuously and also weighed. 
The calorimeter tests were made with a Peabody throttling calori- 
meter. Eight sets of indicator cards were taken during the 8-hour 
test, at hourly intervals. 

ITEMS OF COMPRESSOR TEST 

Altitude, 1,800 feet 

1. Date of test, February 16, 1902. 

2. Duration of test, hours 8 

3. Diameter of high-pressure steam cylinder 

(steam jacketed), inches 14 

4. Diameter of low-pressure steam cyUnder 

(steam jacketed), inches 28 

5. Diameter of low-pressure air cylinder, inches. . . 24 1/2 

6. Diameter of high-pressure air cylinder, inches. 15 $/S 

7. Stroke of all pistons, inches 42 

8. Diameter of piston-rods, inches 2 11 /16 

9. Revolutions of engine, average per minute. ... 90 

10. Piston speed per minute, feet 630 

11. Steam-gage pressure, average, pounds i4S-9 

12. Temperature of steam in steam-pipe, average 

degrees Fahrenheit 364 

1 Abstracted from an article by J. Parke Channing, Mines and Minerals, May, 
1905, p. 475- 
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13. Steam pressure in reheating receiver, average 

pounds 8 

14. Vacuum in condenser, average inches 25. 66 

15. Air pressure in intercooler, average pounds 22 . 63 

16. Air pressure in receiver, average pounds 79.3 

17. Temperature of air at intake, average degrees 

Fahrenheit 65 . o 

18. Temperature of air leaving low-pressure cylin- 

der, average degrees Fahrenheit 211. 5 

19. Temperature of air leaving intercooler, average 

degrees Fahrenheit 78 . 5 

20. Temperature of air leaving high-pressure cylin- 

der, average degrees Fahrenheit 240. o 

21. Indicated horse-power in high-pressure steam 

cylinder, average 140. 12 

22. Indicated horse-power in low-pressure steam 

cylinder, average 153 . 03 

23. Indicated horse-power in both steam Cylinders, 

average 293 . 15 

24. Indicated horse-power in low-pressure air cyl- 

inder, average 143 . 79 

25. Indicated horse-power in high-pressure air 

cylinder, average 135 . 02 

26. Indicated horse-power in both air cylinders, 

average 278.81 

27. Feed- water weighed to boilers, pounds 43,343 

28. Re-heater and jacket water from compressor, 

weighed, pounds 4,081 

29. Average temperature of re-heater and jacket 

water, degrees Fahrenheit 356 . 7 

30. Total heat in i lb. of steam at 356.7° F., heat 

units 1,190. 7 

31. Total heat in i lb. of water at 356.7° F., heat 

units 328 . 9 

32. Equivalent credit for re-heater and jacket 

water, pounds 1,127.00 

ZZ' Water weighed from condensation in hoisting- 
engine jacket, pounds 1,781 . 00 • 

34. Steam used to run condenser, pounds 4,320. 00 

35. Total credits to feed- water, pounds 7,228.00 

^6. Total feed- water charged to engine, pounds. . . 36,115.00 

37. Moisture in steam shown by Peabody calor- 

imeter, per cent. i . 30 

38. Credit for moisture in steam, pounds 473.00 

39. Total steam charged to engine, pounds 35,642.00 

40. Dry steam per hour charged to engine, pounds. . 4,455 . 00 

41. Steam consumption per indicated horse-power 

per hour, pounds i5- 19 

10 
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42. Guaranteed steam consumption per indicated 

horse-power per hour, at 92 revolutions per 

minute, pounds 14 . 00 

43. Excess of steam consumption per indicated 

horse-power per hour over guarantee, pounds i . 19 

44. Theoretical delivery of free air per minute at 

90 revolutions, cubic feet 2,037.8 

45. Slip of air (percentage) 3.0 

46. Actual slip of air per minute, cubic feet 61 . i 

47. Actual delivery of free air per minute, average 

cubic feet 1,976. 7 

48. Theoretical horse-power required to compress 

and deliver actual delivery of air at receiver 

pressure by adiabatic compression 306. 53 

49. Theoretical horse-power required to compress 

and deliver actual delivery of air at receiver 

pressure by isothermal compression 229.00 

50. Actual horse-power shown by air indicator 

cards 278.81 

51. Actual horse-power shown by steam indicator 

cards 293 . 15 

52. Actual horse-power consumed by friction of 

engine. 14. 34 

53. Efficiency ratio between steam and air cylin- 

ders, per cent 95 . i 

54. Efficiency ratio between steam and air cylin- 

ders guaranteed by builder, per cent 87 . 00 

55. Efficiency of steam, or ratio of steam indicated 

horse-ppwer to theoretical air indicated horse- 
power, isothermal compression, per cent 78. i 

One of the combined indicator cards, from which the averages in 
items 21 to 26 were calculated, is shown in the upper part of Fig. 116. 

A series of tests were made in 1909 by Richard L. Webb, consulting 
engineer, of Buffalo, N. Y., on a large number of compressors in a 
well-known Canadian mining district. In conducting these tests, Mr 
Webb had access to plants which have been in operation for a year 
or more under normal working conditions, and his results are of 
value not only to users of air compressors, but also to the manufac- 
turers. As a rule, the plants tested were in the care of competent 
machinists and in good running order, so that the results obtained 
may be taken as representing a fair average of current practice in 
the United States and Canada. The results of a few of these tests 
are given here to show the importance of determining the actual 
efficiency of air compressors when working under the conditions pre- 
vailing in most mines. 
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Fig. 1 1 6. — Combined cards from two-stage compressors. Upper cards from 
Nordberg compressor. Lower cards from Ingersoll-Rand "Imperial Type lo" 
electrically driven compressor. Air cylinders 23" and i4"X2o' 



.// 



Revolutions per minute 187 

Piston speed, feet per minute 623 . 3 

Discharge air pressure, pounds 93 

Intercooler pressure, pounds 24 

Volumetric efficiency (from card) 95-3% 

I. H. P. of low-pressure cylinder 132 

I. H. P. of high-pressure cylinder 120.8 

Total I. H. P 252.8 

Free air delivered per minute, cubic feet (from card) . . . 1706 

EflBiciency compared with adiab 97-2% 

Efficiency compared with isoth 84 % 

Mode of Conducting the Tests. — The following plan was employed 
in each case. First, a boiler test was run for not less than two weeks, 
the coal being carefully weighed, the boiler feed-water measured, 
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and the total revolutions of the compressor recorded by a revolution 
counter. From these data the cost per boiler horse-power and the 
average speed of the compressor were determined. Second, the com- 
pressor was operated at various speeds over its entire range. By 
means of a meter installed in the steam-pipe near the throttle, the 
total steam consumed, in pounds per hour, was measured. Indi- 
cator cards were taken on all cylinders, together with temperatures 
at the air inlet, intercoofer, and discharge. To measurfe the actual 
volume of air delivered, a meter was placed in the discharge pipe 
oxitside of the receiver. A number of simultaneous readings on all 
instruments were taken at each speed. From these were calculated 
the total horse-power of the steam and air cylinders, the steam 
consumption, and the total piston displacement per minute. 

The air and steam meters were of the Dodge type, as modified 
by the General Electric Company, and were operated by their ex- 
pert sent for this purpose. The indicators were of the Roberts- 
Thompson and the American-Thompson make, which are well 
known and generally accepted as standard. Their springs were 
calibrated by a standard gage. 

Results of the Tests. — As was to be expected, the friction loss was 
found to be only a small item in the total. The other losses, which 
are frequently overlooked or disregarded, played a large part in 
cutting down the efficiency. The capacity of air compressors is 
usually rated according to the volume of the cylinders. On this 
basis, the mechanical efficiency only is given. For example, if the 
horse-power of the air cylinder is loo h.p. and the horse-power of the 
steam cylinder no, the efficiency of the compressor is rated as 91 
per cent. This rating disregards the losses due to adiabatic com- 
pression, heating of the cylinder and friction of the inlet and delivery 
valves. The tests show the friction loss of the engine itself to be 
usually not less than 10 per cent., and often considerably larger. 
Losses from the other causes mentioned were found to range from 
30 per cent. up. 

As Mr. Webb is not at liberty to disclose the identity of the partic- 
ular plants at which the tests were made, each test has been desig- 
nated by a number. 

Test of Plant Number One. — This consists of three 125 h.p. 
return tubular boilers (one being held in reserve), supplying steam 
for a cross-compound condensing air compressor of standard make. 
The steam cylinders have Meyer valve gear and are 16 in. and 28 in. 
diameter by 24 in. stroke. The two-stage air cylinders are 28 in. 
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and 1 8 in. by 24 in. From a two weeks' run the following results 
were obtained: 
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Fig. 117. — Test results of compressor plant No. i. 



Total coal burned, pounds 264,300 

Total feed- water, cubic feet 37,459 

Total feed- water, pounds 2,335,568 

Average temperature of feed-water, degrees 

Fahrenheit 131 

Average evaporation per pound coal con- 
sumed, pounds 8.72 

Average revolutions per minute 63 . i 

Indicated horse-power of steam end, corre- 
sponding to 63.1 r.p.m 161 

Corresponding indicated horse-power of air end. 123 

Average steam pressure, pounds 115 

Average vacuum, pounds 10. 5 

Average air pressure, pounds 96 

Average temperature of outside air, degrees 

Fahrenheit 24 

Average air piston displacement at 70** F., 

cubic feet 1,172 

Average metered output corrected to 70° F., 

cubic feet 758 
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The average evapoiation of 8.72 lb. of water from 131° F. to an 
average steam pressure of 115 lb., is equivalent to 9.83 lb. of water 
evaporated from and at 212° F. per pound coal consumed. At 
the average compressor speed of 63.1 revolutions per minute, the 
metered output was equivalent to 758 cu. ft. of free air per minute, 
the piston displacement being 1,172 cu. ft. per minute. Fig. 117 
presents some of the principal data of the test run on this compressor. 
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Fig. 118. — Test results of compressor plant No. i. 



To find the average operating results, the curves at 63 revolutions 
should be followed, at which the indicated horse-power of the steam 
cylinder was 160.8, and that of the air cylinder, 123, showing the 
mechanical efficiency to have been 76.5 per cent. The theoretical 
horse-power required to compress isothermally i cu. ft. of free air 
per minute to 96 lb. (the average pressure) is c.129. The theoretical 
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useful work done by the compressor is, therefore, 758X0.129 or 
97.8, and the net total efficiency of the compressor is 97.8-M61 or 
60.8 per cent. 

The cost data were furnished by the owner and are based on one 
year's operation. In Fig. 118 these costs are plotted, showing 
how the cost per steam horse-power, per year is affected by the 
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Fig. 119. — Test results of compressor plant No. i. 



average running speed of the compressor. • The curve of Fig. 
119 shows the operating costs in another way. These costs may 
be read in terms of 1,000 cu. ft. of free air compressed to 100 lb. 
or 1,000 cu. ft. of compressed air at ico lb. gage pressure. 

Test of Plant Number Two. — The plant consisted of three 
150 h.p. return tubular boilers, supplying steam for a Corliss engine, 
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the air compressor, and steam heating. To determine the boiler 
horse-power, a meter was placed on the steam-pipe to the compressor 
during the test run, so that only the portion of steam actually used 
by the compressor was charged to the same. The compressor was 
duplex, with Meyer valve gear, simple steam cylinders 14X22 in. 
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Fig. i2o.-rTest results of compressor plant No. 2. 



and two-stage air end, 14 and 22X22-in. stroke, rated by the manu- 
facturer at 1,050 cu. ft. of free air per minute at 105 revolutions. 
At this plant the test lasted over a month, with the following 
results: 



EFFECT OF ALTITUDE AND COMPRESSOR TESTS 

« 

Total coal consumed, pounds 459,250 

Total feed- water, pounds 2,496,000 

Average evaporation per pound coal consumed, 

pounds 5 . 46 

Average revolutions per minute 36 

Corresponding average indicated horse-power 

(from curve) 53 
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Fig. 121.— Test results of compressor plant No. 2. 



Hourly readings of the revolution counter were taken, showing 
an average speed of 36.05 revolutions. At this speed the steam 
consumption was 51 lb. per indicated horse-power hour, as measured 
at the throttle, the air meter showing a delivery of ^75 cu. ft. of free 
air per minute. The total efficiency was 67 per cent. Taking the 
ordinary method of computing the mechanical efficiency only at the 
siame speed, there would be 48 air h.p., divided by 54 steam h.p., 
giving an efficiency of 89 per cent. 
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The coal consumption per indicated horse-power per year, as 
shown by the books of the company, amounted at the average speed 
to about 56 tons. Figs. 119, 120, 121, and 122 present details of the 
test on this plant, which was conducted similar to that on plant 
No. I. 
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Fig. 122. — Test results of compressor plant No. 2. 



Test of Plant Number Three. — ^This plant consisted of two 125 
h.p. return tubular boilers, supplying steam for a non-condensing 
cross-compound air compressor of standard make; steam cylinders 
18 and 35 X 24 in., air cylinders 14 and 28X 24 in. A two weeks' run 
gave the following results: 

Total coal burned, pounds 221,190 

Total feed-water, cubic feet 34,273 

Total feed- water, pounds 2,094,657 

Average temperature feed-water, degrees Fah- 
renheit 154 



EFFECT OF ALTITUDE AND COMPRESSOR TESTS 

Average evaporation per pound coal con- 
sumed, pounds 9 . 48 

Average boiler horse-power 208 . 

Average revolutions per minute 66 

Average indicated horse-power of steam end, at 

66 r.p.m. (from curve) 210 

Average indicated horse-power of air end (from 

I curve) 128.5 

Average steam pressure 97 . 

Average air pressure 97 

Average outside temperature, degrees Fahren- 
heit 23 

Average air piston displacement at normal 

speed, cubic feet, at 70° F 1,372 

Metered output in cubic feet corrected to 70** F. 734 
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Fig. 123. — Test results of compressor plant No. 3. 



The average evaporation of 9.48 lb. of water per pound of coal, 
from 154° F. to an average steam pressure of ^ lb., is equivalent 
to 10.4 lb. of water evaporated from and at 212° F. At the average 
speed of 66 revolutions, the displacement was 1,240 cu. ft. of free 
air per minute, while the metered output was 734 cu. ft., showing a 
net volumetric efficiency of 59 per cent. 
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To determine the conditions in average operation, the curve at 66 
revolutions should be followed (Fig. 12*3), at which the indicated 
horse-power of the steam cylinders was 210, and that of the air 
cylinders, 128. This shows the efficiency to be 61 per cent., the 
friction loss being 81.5 h.p. or 39 per cent, of that delivered by steam 



600 



500 



•P 
O 

X 

g400 
a: 



I. 
«> 

o300 
o 

a 



200 



100 





*"■ 








"■" 




"■"" 






■ 




^~ 


""^ 






^"~ 


^■^ 




"^ 




















J' 


1 
Coal. 




































B- ' and Labor. 




.^•_j 


!..*._ 
























c- ' , Labor ana v^M^vuai lun. i ■ 
D- ' . ' .DepKffepa/rsaSuppt/ea. \ 






L 




• 




































T 








































\ 








































iW 








































\\\ 






































iU 
































• 








V- 


■^ 






































-c 












' 






















In I 


-B 




































% \\ 






































\\ 


\ 






































V^N 


k 




































A 


\\ 
















■ 






s 












L_ 




V 





k 
































^ 




\ 


\ 


N 














. 


















A 


k. 




\ 


\ 


\ 
































\ 


i4 




\ 


\ 


N 
































\ 






N 


S 




. 




























^ 


s 








V^ 


s 


V 






























s 








^ 


V 


^ 


5 














1 
















■v^ 










^ 


^ 




= 






















■^ 




.^ 


. 







1 





2 





31 





4 





R.^ 


2m 


G 





7 


3 








9< 





MO 



Fig. 124. — Test results of compressor plant No. 3. 



end. This extremely high friction loss was due to the fact that the 
compressor shaft was out of line, and the plant could not be shut 
down long enough to rectify it. The details and results of this test 
are interesting in exhibiting the inefficiency that may be caused 
by a purely mechanical defect. (Figs. 123, 124, and 125). 

Test Number Four. — The results of a test on another plant are 
given in Fig. 126, the details of the boiler test and of the costs 
being omitted. In this case the compressor was of the tandem 
compound non-condensing type, with Corliss valve gear for the 
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steam cylinders. The test shows that, at a low speed, the steam 
consumption increases more rapidly than with the Meyer type of 
valve. 

Summary. — The results of these tests are enlightening, in showing 
the actual amount of the losses occurring in the compression of air, 
particularly when the compressor is operating under the unfavorable 
conditions of varying air consumption .necessarily obtaining in 
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Fig. 125. — Test results of compressor plant No. 3. 



32 



mining and other work in which machine drills play an important 
part. These losses are always recognized as existing by compressor 
builders and by intelligent users, and it is clearly desirable that 
properly conducted tests should be made more frequently. 

Again, compressor plants generally develop less power than their 
full rated capacity. It should be remembered that an air compressor 
is essentially a variable speed machine, its speed being regtdated by 
some form of throttling governor, connected with the air-pressure 
regulator. The machine is therefore called on to run only as fast 
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as the demand for air may require. It may be suggested that it 
would be well for compressor builders to give in their catalogues 
the actual hoise-power rating at different speeds, with a table of 
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efficiencies at different loads and speeds, just as is done by some of 
the manufacturers of electrical machinery. Catalogues might also 
include some definite data respecting the cost per horse-power 
delivered by the air end of the compressor at different working 
speeds. 



CHAPTER XIV 



MEASUEEMENT AND TRANSMISSION OF 
COMPRESSED AIR 



The purpose of installing a receiver is foar-fold: First, to equalize 
the pulsations in the air coming from the compressor; second, to 
collect the water and grease held in suspension by the compressed 
air as it leaves the compressor; third, to reduce the friction of air 
in the pipe system; and fourth, to cool the air as thoroughly as 
possible before entering the transmission system. 

It does not act primaiily as a reservoir of power, for in order to 
accomplish this its size would become impractical. However, in 



Fig. 127. — Receiver aftercooler. 

compensating for the air pulsations it maintains constant pressure 
in the pipe line and in that way reduces friction. 

In order to facilitate the removal of water from the compressed 
air, it is frequently equipped with a coil of pipes (Fig. 127) filled with 
cooling water, in this way serving as an "after-cooler," as it is 
called. When so equipped the difficulty with water in the trans- 
mission line and frost at the exhaust pipe of a compressed-air motor 
is reduced. 

When the pipe line is very long, receivers are placed at both ends 
of the pipe; this increases the effectiveness of the receiver and reduces 
materially the pipe friction. 



160 AIR COMPRESSION AND TRANSMISSION 

As manufactured, these leceivers are usually supplied with a 
pressure-gage, safety-valve, blow-off cock and frequently a man-hole. 
They are made either horizontal or vertical and of cubical contents 
varying usually from 30 to 400 cu. ft. For exceptional cases as 
for compressed air-pressure water systems, they are frequently 
made much larger. 

THE HEASnSEHEHT OF AIR AHD GASES 
"The measurement of compressed air and gas in the commercial 
distribution and sale of these commodities and m testing com- 
pressors has attracted a great deal of 
attention in recent times and excel- 
lent articles' are to be found in the 
technical press. The material here 
given has been gathered from these 
sources and includes some interest- 
ing results of tests made in the 
Steam and Gas Engineering Labora- 
tory of the University of Wisconsin. 
"Standards of Measurement. — 
In making measurements it is usually 
necessary to ascertain the number 
of 'standard cubic feet' passing in a 
given time. The contents of a stan- 
dard cubic foot are determined by 
the assumed standards of tempera- 
ture and pressure used in defining 
the unit of measurement. Scientific 
data on gases are usually referred to 
the freezing temperature of water 
and to the mean barometric pressure. 
Fig. 118.— Wet displacement Common commercial standards of 
"n"". temperature and pressure in gas 

measurement are 60° F. and 30 in. 
of mercury, respectively. 

"A quite general classification of meters includes two main types: 
volumetric meters and velocity meters. 

"Volumetric Meters. — Volumetric meters include what are known 
as 'dry meters,' operating on the general principle of a bellows, and 
'wet meters.' The latter are built in lai^e sizes for use at gas works 
• The Measurement of Gases, Prof. Carl C. Thomas, Jour. Franklin Inst., 
Nov., 1911. Measurement of Nat. Gas, Thos. R. "VleyTaoaik, Jour. A. S. M.E., 
Nov., 1913. Flow of Gas through Lines ot Pipe, Forrest M. Towl, Lecture 
Columbia Univ., iijii. 
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in measuring the gas, as made, before being passed for storage to the 
holders (Fig. 128). These meters are known as station meters, 
their construction is, in general, that of a drum revolving within a 
cylinder or tank which is more than. half filled with water. The 
revolving drum consists of a shaft carrying three or four partitions 
arranged in a spiral form. These partitions emerge in turn from the 
water as the shaft revolves, and each forms with the water a water- 
sealed compartment, which alternately receives and delivers gas. 
The drum receives its motion from the pressure of the gas itself and 
the number of revolutions of the shaft when properly calibrated give 
an index of the quantity of gas passing through the meter. 

In testing air compressors, volumetric methods of measuring the 
air compressed are sometimes used by installing three tanks. The 
compressor is arranged to discharge constantly into one of these 
at a constant pressure. This tank in turn discharges alternately 
into either of the other two. It fills one tank while the other is being 
discharged to the atmosphere and when the pressure approaches 
that of the compressor the discharge is turned into the empty tank. 
By noting the temperature and pressure and having the volume of 
the two tanks it is possible to calculate the volume of air which each 
has received from the compressor. 

"Velocity Meters. — Volumetric methods of measurement, how- 
ever, are not always feasible nor very satisfactory, and other methods 
of measurement depending on the velo- 
city of flow of the air or gas have been 
developed and made use of in commercial 

work. These methods may be separated ~ 

into three types: the orifice 01 Pitot-tube 
type, which depends for its operation upon 
fundamental principles of hydraulics; the 
Venturi meter, which depends upon 
thermo-dynamic principles involved in the 
adiabatic expansion of the gas or air as it 
flows through the reduced cross- sectional 
area of the Venturi tube; and the heat 
meter, of which the Thomas electric meter, 

manufactured by the Cutler-Hammer Co., f,g. ng.— Simple form o( 
Milwaukee, Wis., is the best example, in pitot tuLe. 

which the temperature of the gas or air is 

increased through a known range by a measurable amount of heat. 
From a knowledge of the specific heat of the gas and air, the weight 
of gas or air flowing through the meter is automatically determined 
and recorded. 

"Pitot Tube. — The Pitot tube (Fig. 129) affords a means of 
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measuiing the velocity of air or gas through a pipe at any given 
point in the pipe section. In its simplest form it consists of two 
small tubes inserted in the pipe line — one having an opening pointed 
up-stream and communicating to one end of a U-tube the pressure 
due to velocity head in addition to the static pressure in the pipe; 
the other having an opening at right angles to the direction of flow 
and communicating to the opposite end of the U-tube the static 
pressure only. The difference between these two pressures is the 
pressure due to velocity alone, and from this, velocity of the gas or 
air in the pipe can be computed by means of the formula ti*=2gA 
where h is the static head necessary to give to the air or gas a veloc- 
ity of V ft. per second. From a knowledge of the cross-sectional area 



b:::-:/£v.::^:r"/_'::^i4'^v".:f>".-.:::>^w^l^*j^ 

Fig. 130. — Modern form of Pitot tube. 

of the pipe and the density of gas at observed pressure and tempera- 
ture, the quantity passing per unit of time can be computed. Fig. 
130 shows a modern type of Pitot tube. 

"The velocity of gas flowing through a pipe is not the same at 
all points in the section. It falls off gradually from the center out- 
ward and very rapidly near the inner skin of the pipe. In order to 
obtain accurate results with Pitot tubes, without exploring the pipe 
at several different depths, it is necessary to 'standardize' the tube 
and pipe together and find the depth at which the tube will indicate 
the mean velocity; that is, a Pitot tube will not necessarily give 
consistent readings if placed in a given position in pipes of different 
sizes, different conditions of surface, etc. The tube must be located 
with special reference to the size, shape, and condition of pipe with 
which it is used. Great care must be taken that the openings 
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through which the pressures are communicated to the U-tube are 
properly placed with respect to the direction of flow, and they must 
be kept free from deposits. 

"The general formula for the Pitot tube and the orifice is derived 
from the law of falling bodies. Let 

T = absolute temperature of flowing gas, degrees Fahrenheit. 

P = absolute pressure of flowing gas, poimds per square inch. 

w = weight per cubic foot of flowing gas, at P and T, 

G = specific gravity of flowing gas, (air i.o). 

V = actual velocity of flowing gas, feet per second. 

hf = height in feet of homogeneous column of gas at P and T 
producing v, 

h = corresponding height of water column in inches. 

W'ti = weight per cubic foot of water, 62.37 lb. at 60° F. 

P, = absolute storage pressure base, pounds per square inch. 

T, = absolute storage temperature base, degrees Fahrenheit. 

wa = weight per cubic feet air at 32° F. and 14.7 lb. = 0.08073 lb. 

d = actual inside diameter of pipe or orifice in inches. 

E = efficiency of Pitot tube or orifice. 

Q = flow in cubic feet per hour at Pg and Tg. 
Then 



v = \/2ghf =yJ2 g 
^P 492 

14.7 r 



h^Ww 

I2W 



h Ww 14.7 T 

2q - - -—!— — 

12 Wa 492 PG 

e = 2i8.44£^^|f^ 

"Prof. S. W. Robinson who was probably the first to use the 
Pitot tube in connection with the flow of natural gas has developed 
the following formula which has been used by natural gas men for 
a number of years: 

0.29 



C= 1,462, 250 (/^ 



© 



^p,- - ' 



1 



This was derived from the formula for adiabatic flow 

n-l 



^2^ 2gwXi44 -Po. 
{n—i)w 



i©^- 



, , in which 
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V = velocity of flowing gas, feet per second. 

Pq = absolute pressure of the atmosphere, pounds per square 
inch. 

n = ratio of the specific heats. 

w = weight per cubic foot of gas at pressure P©- 

G = specific gravity of gas, air i. 

Pi = absolute pressure shown by Pitot tube, pounds per square 
inch. 

d = internal diameter of well mouth, inches. 

Q = open-flow capacity of well, cubic feet per 24 hours. 

"Prof. Robinson has computed tables from the above formula 
which have been used for years. The computations are based on 
the following: 

n =1.408 

2g =64.3 

Po =14.6 

G =0.6 

w =0.0807 ^G. 

T = To =" r«=492° F. 

Tq = absolute temperature of melting ice. 

T = absolute temperature of flowing gas. 

r« = absolute temperature of storage. 

"Thos. R. Weymouth in his article in the Journ, A. S. M. E. 
points out that for natural gas the ratio of the specific heats is more 
nearly equal to 1.266 and by using 

T = 500° F. 

T, =520° F. 

Po = 144 

Ps = storage pressure 14.65 
the formula becomes: 



6=1,758,560 ^M i-^) - I 

I ^14.4/ 



1 
1 



"In order to obtain a mean value of h for the use in Pitot tube 
measurements Prof. G. J. Davis of the University of Wisconsin 
devised the following method which is illustrated in Figs. 131 and 
132 showing results of an actual test of a Pitot tube placed tandem 
with a Venturi meter and a Thomas electric meter. 

"The horizontal represents distances from the center of the pipe 
at which readings of h were observed. On the vertical a suitable 

scale of values of y/h is laid off. Readings of y/h are then plotted 
and joined by radial lines to the point representing the center of the 
pipe. The intersections of the slanting lines with the perpendiculars 
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representing the positions at which the corresponding values of v A 
were read are points through which a smooth curve can be drawn. 
The area under the curve may now be determined and from this 
the altitude of a triangle having the same area and base as the 
irregular figure will give the mean h to be used in computing the mean 
velocity. 

"The mean velocity V is determined from the formula F* =2gh 
after reducing the h determined to equivalent feet of air. The 
pounds per hour will then equal 3,600 A VG where A is the area of 
the pipe in square feet. 







































■ 
















^ 
















/ 


% 










- 


,v 


^ 
^ 


^ 
^ 


1 










/ 


/ 








/ 


> 


3 








■ 




/■ 
















^ 






























^^ 














4 


w 


■<; 












y 






^ 








J 


^ 


1- 


X 








/ 














, 


^ 




















^« 




t. 


«^r 


Of? 


p.. 


tt» 



Fig. 131,— Graphical method of 
determining mean head. 



Fig. 132. — Graphical method of 
determining mean head. 



Y is the velocity in feet per second. 

G is the weight of a cubic foot of air as it passed through the pipe. 

"In measuring air by means of a Pitot tube it is necessary to take 
into account the humidity of the atmosphere and make corrections 
as indicated in the discussion on Humidity given in Appendix C. 

"In measurii^ large quantities of air in testing air compressors it 
is quite a common practice to have the air escape through a suitable 
orifice to the atmosphere. An apparatus of this kind is shown in 
Fig. 22 and one for large installations in Fig. 133. 

"The formula usually used for measuring air under these condi- 
tions is 
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Pi 
W^o.^A ~~,~ where P\ is greater than twice atmospheric 



Fig. j 33.— Apparatus for measuring large quantities of ^'r. 

When Pi is less than twice atmospheric pressure the formula usually 
used is 

"This last formula, however, is 
not entirely reliable (see 'Air 
Flowing into Atmosphere through 
Circular Orifices' by R. J. Dtirley, 
Trans. A. S. M. E., Vol. 27). 
In the above formulae 
W = weight of air escaping in 

pounds per second. 
Pa = pressure of atmosphere in 

pounds per s^quare inch, 
P\ = pressure before the nozzle 
in pounds per square inch 
absolute, 
Ti = absolute temperature of 

air entering the nozzle. 
A = area of nozzle io square 

feet. 

"In using a nozzle or orifice it 

is also necessary to consider the 

F c —St John meter humidity of the atmosphere in 

measuring air. 

"St. Johns Meter. — A number of meters have been made making 

use of an orifice for measuring the flow of air. Such meters are usu- . 
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ally calibrated by means of a gasometer. The St. Johns meter, 
Fig. 134, is in effect a variable orifice meter. The position of the 
plug S determines the size of the orifice through which the air passes 
and a graphical record is kept of the position of this plug on a drum 
moved by clock work and by planimetering this chart the average 
position can be determined and the consumption be calculated. 

"Venturi Meter. — ^The Venturi meter, Fig. 135, consists of a throat 
or gradually contracted portion of the passage, which causes a de- 
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Fig. 135. — Venturi tube. 



crease in pressure and increase in velocity of the gas flowing through 
it. 

"Let A I = area of the up-stream section in square feet. 
A2 = area of throat in square feet. 
Pi = pressure at up-stream side, pounds per square inch. 
P2 = pressure at throat, pounds per square inch. 
G\ = weight of gas at up-stream section, pounds per second. 
n = ratio of specific heats, constant pressure to constant 

volume. 
F2 = velocity of gas at throat, feet per second. 

"By equating the loss in potential energy to the increase in kinetic 
energy it is found that 



F2 = 



'PM(2gn\\ 



I— 




1 f t,j 




A I \Pi 



i 



"The quantity flowing Q=i4 2 FgGi (yj ** in cubic feet per second. 

"It is frequently necessary to take small readings of pressures 
with both the Pitot tube and Venturi meter, and in order to do this 
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accurately the water columns should be read with a micrometer 
gage or differential (inclined) water column. 

"A similar formula for the flow expressed in cubic feet per hour 
would be 



Qi= 210,840 At 



1 I ^ 



(n-i)G 



Pi 



& 



-©■" 



n/-^:)"©" 



"Terms in this formula not appearing in the other are 
Qi = flow in cubic feet per hour. 
Ti = absolute temperature of gas at entrance. 
Ta = absolute temperature of storage base pounds per square inch. 
Ps = absolute pressure of storage base pounds, per square inch. 
G = specific gravity of gas, air = i. 

^'Thomas Meter. — ^The Thomas electric meter is based upon the 
principle of heating the air or gas through a known range of temper- 





FiG. 136. — Sectional view of Thomas electric meter. 

ature. This measured energy is proportional to the weight of the 
gas flowing. Electric energy is used as a source of heat because 
it can be so conveniently and accurately applied and measured. 
Electrical resistance thermometers are used to regulate the tem- 
perature range through which the gas is heated, because with ther- 
mometers of such type very small differences of temperature can be 
accurately and easily determined. 

"A sectional view of a lo-in. meter and casing is shown in 
Fig. 136. Fig. 137 shows the meter diagramatically. The electric 
heater is placed within the casing between two electric resistance 
thermometers, Ti and Tt- The heater consists of spiral turns of 
bare nichrome resistance wire wound around a conical frame and 
supported by insulators, so that heat is dissipated evenly over the 
section of the pipe. A rheostat is placed in the heater circuit for 
regulating the direct current supplied. This energy is measured 
by an ammeter and voltmeter. 

"The thermometers consist of resistance wire wound on wooden 
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spindles and evenly distributed over the section of the casing. The 
wire is of such material that its resistance increases with the tempera- 
ture according to known laws. The two thermometers form two 
arms of a Wheatstone bridge, the other two arms being fixed coils 
of wire that have a zero temperature coefficient. A galvanometer 
is connected across the Wheatstone bridge, and a small rheostat is 
placed in series with one thermometer for balancing the bridge when 
no heat is passing through the heater. A small resistance Ri is 
arranged so that it can be placed in or out of series with the entrance 
thermometer. This resistance is equal in value to the increase in 
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Water 
Rheosfai 



Ammeter 



Fig. 137. — Diagrammatic sketch of Thomas electric meter. 



resistance of the exit thermometer for a rise in temperature of prac- 
tically 2° F. The meter in the laboratory of the University 
of Wisconsin is for 2.0152° F. 

"The operation of the meter is as follows : With gas flowing through 
the meter but with no energy in the heater, and with Ri out of cir- 
cuit, the two thermometers are brought to the s^me balance by 
means of the balancing rheostat and the galvanometer. Then the 
resistance Rt is put in circuit and sufficient electrical energy is 
supplied to the heater to bring the galvanometer to balance again, 
by bringing the exit gas to a temperature 2.0152°, with the meter 
mentioned, higher than that of the entering gas. The measuring 
instruments in the heater circuit then indicate the energy required 
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to raise the temperature of the air or gas through a known range. 
The quantity of gas flowing can be found by the equation 

3.41^ 
ts 

where W is the number of pounds of gas or air per hour, E the amount 
of energy supplied in watts per hour, / the rise of temperature in 
degrees Fahrenheit, and 5 the specific heat at constant pressure of 
the gas or air. 

"With the laboratory meter the air flowing through the meter 
per minute is given by the formula 0.028218 £«. 

"In applying this meter to gases it is necessary to ascertain the 
composition of the gases in order to obtain the mean specific heat 
for use with the meter. 

"The meter in commercial form is equipped with automatic 
devices to regulate the flow of current through the heater so as to 
maintain a constant difference of temperature between the resistance 
thermometers of 2°. The electrical instruments for measuring the 
consumption of current in the heater are then calibrated to read either 
weight or quantity of gas flowing and this reading is recorded 
graphically. 

"Meter Comparisons. — At the University of Wisconsin tests 
were run by placing a Venturi meter, Pitot tube and Thomas meter 







Fig. 138. — Sketch of meters placed tandem for testing. 

in tandem, as shown by Fig. 138. The results of these tests are shown 
as Fig. 139. A remarkable similar set of readings were secured. 

"In April, 191 1, a Thomas meter was tested on a natural-gas line 
by comparison with Pitot-tube measurements giving practically iden- 
tical results. This meter had a maximum capacity of 750,000 cu. ft. 
of free gas per hour and an accurate minimum capacity of 12,500 cu. 
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ft. It gave a continuous graphical record and integrated values of 
the gas directly in standard cubic feet at 15.025 lb. absolute pressure 
and 60° F., although the pressure of the gas varies from 50 to 200 lb. 
gage and the temperature varies with weather conditions. The 
specific heat was calculated from an average analysis of the gas for 
the standard conditions given above. This particular meter was 
placed in a lo-in. line and located about a mile and a half from a very 
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complete Pitot-tube meter station. A 22-hour comparative test 
showed a difference of 0.2 per cent, between the two meters and a 
similar comparative test from April 17 to June 3, 191 1, showed the 
same difference." 

PIPE LINESi 



"The transporting of gas or air requires a line which shall be "air 
tight." It is much more difficult to make a line to hold gas or air 
under pressure than it is to hold a liquid. Jrouble has been expe- 
rienced in almost all lines built for high pressure on account of the 
leaking of the gas at the couplings. The first high-pressure lines 
were laid with bell and spigot joints, caulked with lead. The lines 

* Forrest M. Towl, Lecture Columbia University, 191 1. 



172 AIR COMPRESSION AND TRANSMISSION 

might be tight when they were first laid but the movement in expand- 
ing and contracting soon caused them to leak in large amounts. 

**The next lines used were of wrought iron or steel pipe with screw 
joints. While these held much better than the bell and spigot type, 
there was still enough leakage to make it desirable to have a more 
perfect joint. The leakage on some of the earlier screw-joint gas 
lines was such that by putting a rubber bag over the coupling, gas 
could often be collected at the rate of from 20 to 50 cu. ft. per hour, 
or enough to run a good-sized torch. This was true of lines up to 
8 or 10 in. in diameter. When the lines became larger, the leakage 
increased so much that it was practically impossible to use large 
size lines and get a large percentage of the product at the market. 
"As the demand for natural gas increased, it became necessary 
to use larger lines, and a rubber packed stuffing-box was developed. 
The first successful joint of this kind in the market was the Dresser 
coupler, and it is due largely to this and other couplings that the 
natural-gas industry has become so great. 

"Dresser Coupler. — The Dresser coupler consists of a sleeve into 
which the ends of the pipe are placed. There is a projection at the 

center of the sleeve so that the ends of the pipe 
will be each inserted into the sleeve the same 
distance. This sleeve acts as a follower to 
compress rubber in an annular space into the 
end rings which are drawn together by bolts. 
The rubber is surrounded on one side by the 
pipe, on another by the body of the coupling, and 

Fig. 140. Dresser ^^ ^^^ remaining side by the end rings so that 

pipe coupler. there is very little of the surface of the rubber 

exposed either to the gas on the inside or the 
air on the outside of the line. It is found that these joints will last 
for years. (Fig. 140 shows a cross-section of the Dresser coupler.) 
"Hammon Coupler. — The Hammon coupler is a modification of 
the Dresser, one of the principal features of which is that the pro- 
jection at the center of the sleeve is made by lugs welded onto the 
sleeve. When it becomes necessary to take apart one of these 
couplers, the lugs can be broken off and the coupler slipped back so 
as to allow the pipe to be easily removed. (Fig. 141 shows the Ham- 
mon coupler.) 

"Lines of pipe can be built in almost any kind of country, but it 
is necessary in some places to arrange to keep the lines from acting 
as a Bourbon tube and expanding in one direction until the ends 
of the pipe may be pulled out of the coupling. To avoid this trouble 
it is customary in such places as river crossings to use screw pipe, 
and to place over the collar a clamp which is constructed to make a 
rubber joint between the ends of the collar and the pipe. 
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" For power-transmission lines or for temporary gas lines, where 
the distances are short or the service temporary, it is not considered 
necessary to bury the pipe, it will be found that the screw-joint pipe 
is satisfactory, but for other 
natural-gas or air service, the 
rubber coupling has many things 
to recommend it, and when the 
capacity requires large pipe, it is 
almost absolutely necessary to use 
this type of coupling. These 
coupling have been used for manu- 
factured gas, but it is found that 
the condensation from the gas 
collects in the coupling and soon 
causes a leak in the rubber joint. 
Work is now in progress to per- 
fect a material which wilt not be 
acted upon by the condensation 
in the gas and which will make a 
gas-tight joint. Fio. 141. — Hammon pipe coupier. 

In using screwed joints tor air 
it is necessary that the lead, litharge, or other material used at the 
joint should be applied on the ends of the pipe and not in the coup- 
lings, so that the surplus is brought outside instead of within the 
pipe where it may cause a more or less serious obstruction." 

Pipe-line Fonnulfie, — A very simple formula is often used for 
calculating pipe lines for compressed air. 

in which 

D =the volume of compressed air in cubic feet per minute dis- 
charged at the final pressure. 

c =a coefficient varying with the diameter of the pipe, as 
determined by experiment, 

d = diameter of pipe in inches,^ 

I = length of pipe in feet, 

pi ^initial gage pressure in pounds per square inch, 

pi = final gage pressure in pounds per square inch, 

' The actual diameters of wrought-iron pipe are not the same as the nomina- 
diaraetets for all sizes. This difference is small, however, except in the i 1/4 in. 
and I i/i in. sizes, Che actual diameters oE which are 1.38 in. and 1.61 in. 
respectively. 
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wi =the density of the air, or its weight in pounds per cubic foot 
at the initial pressure pi. 

The second form of the formula, as given above, will be found 
convenient for most calculations, as the factois can be considered in 
groups. 

In Tables XIII and XIV are given the values of c, d^, and 

c\/d^. The values of c show some apparent discrepancy for sizes 
of pipe larger than 9 in. but there would be no very material dif- 
ferences in the results. 

TABLE XIII 



Diameter of pipe, 


Values of 


Fifth powers of 


Values of 


inches 


c 


d 


c\/di 


I 


45-3 


I 


45-3 


2 


52.6 


32 


297 


3 


56. S 


243 


876 


4 


58.0 


1,024 


1,856 


S 


S9-0 


3,12s 


3,298 


6 


59.3 


7,776 


5,273 


7 


60.3 


16,807 


7,817 


8 


60.7 


32,768 


10,988 


9 


61.0 


59,049 


14,812 


10 


61.2 


100,000 


19,480 


II 


61.8 


161,051 


24,800 


12 


62.0 


248,832 


30,926 



TABLE XIV.— VALUES OF Wx FOR INITIAL PRESSURES UP loo LBS.PER SQUARE 

INCH: 



Gage pressure, 
pounds 


Wi 


\/wi 


Gage pressure, 
pounds 


Wi 


\/wi 





0.0761 


0.276 


55 


0.3607 


0.600 


5 


0. 1020 


0.319 


60 


0.3866 


0.622 


10 


0.1278 


0.358 


65 


0.4125 


0.642 


15 


0.1537 


0.392 


70 


0.4383 


0.662 


20 


0. 1796 


0.424 


75 


0.4642 


0.681 


25 


0.2055 


0.453 


80 


0.4901 


0.700 


30 


0.2313 


0.481 


85 


0.5160 


0.718 


35 


0.2572 


0.507 


90 


0.5418 


0.736 


40 


0.2831 


0.532 


95 


0.5677 


0.753 


45 


0.3090 


0.556 


100 


0.5936 


0.770 


50 


0.3348 


0.578 
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Mr. Frank Richards gives the following formula for determin- 
ing the loss of pressure in pipes: 



H= 



from which 



io,oooD^a 

In these equations 

Z) = diameter of pipe in inches. 

L = length of pipe in feet. 

F= volume of compressed air delivered in cubic feet per min. 

-ff = head of difference of pressure required to overcome friction 

and maintain the flow. 
a = constant depending on the diameter of the pipe. 

TABLE XV.— VALUES OF a, D' AND D^a FOR WROUGHT-IRON PIPE. 



Nominal 
pipe diameter 


a 


D^ 


D^a 


I in. 


0.35 


I 


0.35 


li in. 


0.5 


3.05 


1.525 


li in. 


0.662 


7.59 


5.03 


2 in. 


0.565 


32. 


18.08 


2i in. 


0.65 


97.65 


63 -47 


3 in. 


0.73 


■ 243. 


117. 4 


Sh in. 


0.787 


525. 


413.2 


4 in. 


0.84 


1024. 


860.2 


5 in. 


0.934 


3125. 


2918.75 


6 in. 


1. 000 


7776. 


7776. 


8 in. 


1. 125 


32768. 


36864. 


lo m. 


1.2 


I 00000. 


120000. 


12 in. 


1.26 


248832. 


313528. 


' i6 in. 


1.34 


1048575. 


1405091 . 


2o in. 


1.4 


3200000. 


4480000. 


24 in. 


1.45 


7962624. 


11545805, 



For example, suppose it is desired to determine the loss in 
pressure in transmitting 300 cu. ft. of compressed air per min. 
through a 6-in. pipe one mile in length. 

L =5280, D^a for a 6-in. pipe = 7776 

H=— — rr^ — T=6.ii. That is, the pressure drop will be 

10000X7776 J f r- 

6. II lb. 
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As another example, suppose it is desired to ascertain the 
proper size of wrought-iron pipe for transmitting compressed air 
from a compressor of 1500 cu. ft. free air capacity per min. at 
8b lb. gauge a distance of 2000 ft., with an allowable loss of 
pressure of 5 lb. 

The pressure at delivery will be 75 lb. gauge or practically 6 
atmospheres. The volume of compressed air delivered per minute 
will be: 

1500-^6 = 250 cu. ft. per min. = F 

As IT = 5 the formula 

D^a= ^ may be used with proper substitutions, from which 



Z)5a= 



250^ X 2000 



= 2500. 



I 0000 X 5 

From Table XV it is seen that D^a for a 5-in. pipe is 2918.75 
and for a 6-in. pipe 7776. This would indicate the advisability of 
selecting 5-in. pipe for the conditions of this problem. 

The friction in pipe elbows may be expressed in terms of 
equivalent lengths of straight pipe. Elbows having the largest 
radius will naturally give the least friction and the accompanying 
table as given by the Norwalk Compressor Co. gives the friction 
effect of elbows in terms of the radius. 



TABLE XVI.— FRICTION EFFECT OF ELBOWS IN TERMS OF PIPE LENGTHS 


Radius of elbow in 
pipe diameters 


5 


3 


2 


li 


li 


I 


i 


i 


Equivalent lengths of straight 
pipe in pipe diameters. 


7-85 


8.24 


9 03 


10.36 


12.72 


17.51 


3509 


121. 2 



REHEATING 



From a consideration of changes that take place during the 
compression and expansion of the air, it is apparent that heating the 
air just before expansion will raise its temperature and impart to it 
an increase of energy which, if used immediately, will increase the 
efficiency of the compressed air. In addition, this reheating will 
increase the temperature at the end of expansion and prevent the 
particles of moisture in the air from freezing. 

It is not uncommon in the ordinary use of compressed air to find 
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exhaust temperature varying from 5° to 60° F. The lower tempera- 
ture is very apt to cause trouble particularly in out-door wort 
during the winter months. It is quite probable that reheating was 



Fig. 143. — Leynet air reheater. 

first introduced to prevent the formation of frost in the exhaust pipe 
and its advantages are so apparent that no economical use of com- 
pressed air in large installations is complete without some system of 
reheating. 
Stoves.^In quarry work it is very common to make use of stoves, 



178 AIR COMPRESSION AND TRANSMISSION 

such as are shown in Figs. 142 and 143, for heating the air just before 
its use in the drills. In locomotive work for mines and surface use, 
hot water is frequently used to heat the air. A recent locomotive 
built for the government for handling cars of explosives has a com- 
pound cylinder, expansion taking place in one to such a point as to 
bring the temperature below that of the atmosphere. The air then 
passes to the low-pressure cylinder through pipes in contact with the 
atmosphere and in this way its temperature and energy are increased. 
Reheaters are usually capable of raising the temperature of the air 
to from 300 to 500° F., although common practice shows temperatures 
from 250 to 350°. In figuring on reheaters it is usual to assume that 
I lb. of coal will give from 8,000 to 10,000 B.t.u. to the air. As the 
specific heat is 0.0686 B.t.u., it is evident that i lb. of coal will heat 
33 lb. of air or about 408 cu. ft. to a final temperature of 350°. As 
reheating increases the volume as well as the temperature, the econ- 
omy in its use expansively is quite evident. 



CHAPTER XV 

THE SELECTION AND CAKE OF AIR COMPRESSORS 

It is difficult, if not impossible, to dictate the type of compressor 
that must be selected to suit certain conditions, as the importance 
of the various factors influencing the selection vary greatly in differ- 
ent localities; however, a brief statement of some of the factors to be 
considered may be of assistance. 

Available Power. — ^The character of driving power available will 
usually determine the type of prime mover to be selected. The 
principal manufacturers of compressors have on the market the 
belt-driven, steam-driven, and electrical-driven machines, as well 
as those driven by gas engines or water turbines. 

For small and intermittent demands it is difficult to make use of 
an economical steam engine for operating the compressor, and for 
this reason when belt power is available and suitable for the condi- 
tions of operation, the belt-driven compressor is to be preferred. 

When the quantity of air to be compressed is large, it will usually 
be found advisable to install a steam or motor-driven compressor as 
this allows greater flexibility and economy of operation. 

If this type of motive power is selected, a choice of different de- 
signs must be made. The straight-line type, equipped with proper 
energy-compensating devices to secure economy of steam consump- 
tion, has the advantage of simplicity and high mechanical efficiency. 
On the other hand, the duplex type appeals to many, for, if 
single-stage, it may be installed in sections and in this way future 
extensions can be made with minimum expense. 

The pressures that are desired will determine whether the com- 
pressor is to be of the one-, two- or three-stage system; the first being 
usually selected for pressures below 80 lb. per square inch, the second 
for pressures from 80 to 500 lb., and the third for pressures from 
500 to i,oco lb. per square inch. 

Valve Gear.. — :The price of fuel will influence largely the type of 
valve gear to be selected for a steam engine. If fuel is very cheap 
and its consumption comparatively unimportant, the simpler forms 
of valve gears are to be preferred. If, however, the economy of 
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fuel is of importance, the more complicated and expensive types, 
such as the Corliss, should be selected. 

The plain slide valve, the independent cut-off valve, such as the 
Meyer, and the Corliss give steam consumptions which decrease 
in the order named. The last two types, particularly the Meyer, 
are quite common for steam-driven compressors. 

In the mountainous sections of the country and in those parts 
where the supply of water-power is abundant, water-wheels or 
turbines are largely used as prime movers. 

The distance from the source of power to the place where the 
compressed air is to be used will determine whether the water- 
wheel is to be coupled directly to a compressor or to an electrical 
generator which will generate current to be transmitted to an 
electrically driven compressor. 

Both types are in use in the mining regions, some of the largest 
compressed-air installations being equipped with compressors 
driven directly by water wheels. 

Within the last few years the method of compressing air by means 
of a waterfall without the use of any mechanical parts has increased 
to such proportions as to demand the attention of engineers con- 
nected with the installing of compressed-air equipments. 

Air compressors driven by gas or gasoline engines are frequently 
used in quarries and other places where it may be desirable to move 
the compressing plant from point to point. Where gas can be 
obtained cheaply it makes a most desirable machine, because of 
the high efficiency of the gas engine. Within the last few years 
gas engines operated by the gases from blast furnaces have been 
developed to such an extent that many of the large blowing engines 
for Bessemer converters are operated in this way, giving compressed 
air to the converters and other places where used at a minimum 
expense. 

In selecting any t5rpe of air compressor, particular attention 
should be paid to the construction and design of the valves. 
Mechanically operated inlet and automatically operated discharge 
valves seem at present to represent the favorite practice, although 
automatically operated inlet valves are preferred by many 
because of the little attention they require. 

All valves should be simple in construction, of large port opening, 
durable and reliable in action, and easily removed for purposes 
of examination and renewal. 

The largest possible amount of surface, including cylinder heads, 
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should be water-jacketed on all piston compressors except those 
discharging at very low pressures. 

The nature of the work performed by the compressor will deter- 
mine the advisability of installing an unloading or governing device, 
economy of operation usually demanding the installation of some 
such apparatus. 

Size and Type of Compressor. — In order to give an idea of the 
data required when determining the size and type of a compressor 
to be selected, the following is given, as published by the Sullivan 
Machinery Company in their catalogue: 

1. Purpose for which the compressed air is to be used (coal- 
mining machines, rock drills, air lift, etc.). 

2. Volume of free air required in cubic feet per minute. 

3. Working air pressure. 

4. Altitude at which compressor will work, if over 1,000 ft, 
above the sea- level. 

5. Number, size, and class of machines to be operated by the 
compressed air. 

6. If the air is to be used for pumps, give make, size, and speed 
of pump and height to which water must be delivered. 

7. If for raising water by the "air lift," state desired flow per 
minute in gallons, diameter and depth of well, and height to which 
water must be delivered, measuring the average height of water 
in the well. 

8. Will the demand for air be constant or intermittent during 
the daily time of operation? 

9. Will the compressor be operated by steam or power? 

10. If steam driven, state working steam pressure, kind and 
average cost of fuel available, type of engine preferred and whether 
it is to be run condensing or non-condensing. 

11. If power driven, state motive power (as water-power, 
electricity, rope driven, or gasoline engine) and whether direct 
connection, belt, or gearing is preferred. 

12. If water-power is to be used, give horse-power available, 
or head or fall of water in feet, also amount of water supply in cubic 
feet per minute. 

13. If belt drive is employed, give horse-power at belt. 

14. State facilities for transporting compressor to destination. 
If machine must be sectionalized, state means of transportation, 
heaviest weight allowable for a single package and number of pack- 
ages permissible of maximum weight. 
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COMPRESSED AIR EXPLOSIONS 

" Compressed air claims to be and is a safe power. Occasionally 
we hear of a case of firing, which to some may appear to be a seiious 
objection to the use of air; but if the causes are known and under- 
stood and due care is observed, firing becomes a matter of care- 
lessness. Compressed air is not inflammable, but, during com- 
pression by piston compressors it is necessary to use oil for 
lubrication, and this oil or the gases from it form a combustible 
mixture with the air. 

In most cases firing may be traced to the use of poor oil, but in 
others too much oil sometimes causes ignition. 

Lubricating Compressors. — ^It is a common mistake of engineers 
to feed oil too rapidly to the air cylinders. A drop now and then 
is all that is required to keep the parts lubricated. The air cylinder 
does not require as much lubrication as the steam cylinder, for there 
is no tendency to cut and wash away the oil as there is in a steam 
cylinder. 

Wheu too much oil is used, there is a gradual accumulation of 
carbon which interferes with the free movement of the valves and 
which chokes the passages^ so that a high temperature may for a 
moment be formed and ignition follow. 

It is well to get the best oil and use but little of it. 

There are cases where firing has arisen from the introduction of 
kerosene or naphtha into the air cylinder for the purpose of cleaning 
the valves and cutting away the carbon deposits. This is a very 
effective way of cleaning valves and pipes, but it is a source of danger 
and should be absolutely forbidden. 

The inflammability of benzine, naphtha and kerosene is so 
acute that it is a dangerous experiment to introduce anything of this 
kind into an air cylinder. 

Cleaning Valves. — Soft soap and water is the best cleanser for the 
air cylinder and it is recommended even in cases where the best oil 
is used and it is a good plan to fill the oil cup with soft soap and 
water and feed it into the cylinder, as the oil is fed, at least once or 
twice a week, or even oftener if necessary, in order to prevent the 
carbon deposit from gumming up the valves. 

A thick or cheap grade of cylinder oil should never be used in an 
air compressor. Thin oil which has a high flash-point and which 
is as free from carbon as conditions of lubrication will admit is the 
best oil. 

There may be considerable danger in a valve which is so gummed 
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as to be unable to close at the right time. When a piston has 
compressed air and forced it through the discharge valve and then 
starts on its return stroke, there is immediately a tendency for 
the air just compressed to return to the cylinder, and if the valve 
does not operate properly there will be some hot compressed air 
in the cylinder when the piston starts again on its compression stroke 
with air at an initial temperature, 200° or 300° above the normal. 
The final temperature at the end of compression will in consequence 
be quite high and may even be above the ignition point of the lubri- 
cating oil that is used. 

To guard against this, care should be taken in the selection of the 
t)^e of compressor used and the valves and passages should be 
thoroughly cleansed once a week by the engineer, who should also 
investigate the valve seats to insure the valve fitting properly when 
in place. 

Inlet Connection. — ^The inlet should be closed in a cold-air box, 
or some direct connection should be made to the outside air in order 
to avoid taking in hot air to the compressor. 

In compressors used in the coal-mining districts, care should be 
taken to see that coal-dust is not drawn into the cylinder. 

A thermometer should be placed in the discharge pipe close to the 
compressor so that the operating engineer may note any change of 
temperature and stop or slow down the compressor to avoid an 
accident. 



APPENDIX A 

Common Logarithms. — ^The following table of common logarithms 
will be found of assistance in solving work and power problems 
dealing with compressed air. 

The table shows the "mantissa" only, the "characteristic" 
depending on the location of the decimal point and being one less 
than the number of figures to the left of the decimal point of 
the given number. For example: 

The logarithm of 529 is 2.7235 

The logarithm of 52.9 is 1.7235 

The logarithm of 5.29 is 0.7235 

The logarithm of 0.529JS 9.7235 — 10 

The logarithm of 0.0529 is 8.7235 — 10. 

The table of proportional parts is for the purpose of interpolation.^ 
For example, if the log of 80.54 is desired it is found as follows: The 
log of 80.5 from the table is 1.9058. The table of proportional parts 
shows in the same line of figures the additional figure to be added 
under the column marked 4 to be 2, making the required log of 80.54 
1.9058 plus 0.0002 or 1.9060. 

Logs of powers of numbers are found by multiplying the log of 
the number by the given power or exponent. For example, suppose 
it is required to find the value of 28.3^"*. 

The log of 28.3 is 1.4518, and this multiplied by 1.4 is 2.0325, that 
is, the log of 28.3^"* is 2.0325. 

The antilog of this or the numerical value of 28.3^*^ is found by 
looking in the table for the number whose logarithm has a "mantissa" 
of 0325 and then pointing off three places from the left or one more 
than the characteristic 2. The antilog of 2.0294 from the table 
is 107, and as the given log is 0.0031 higher than 2.0294 the table 
of proportional parts would indicate that the antilog of 2.0325 is 
about 0.75 higher than 107. That is 28.3^"* is equal to 107.75. 

The principal difficulty in handling logarithms of small numbers 
with fractional exponents is met in dealing with the characteristics. 
This may be treated as follows: 

Suppose the value of 0.483^"*^ is desired. 

The log of 0.483 is 9.6839—10 
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Nat. 

N08. 





1 


2 


3 


4 


5 


6 


7 


8 


9 


Proportional Parts- 1 
















10 






0086 






0212 






0334 




1 2 


a 


t 4 


5 


€ 


. 7 


8 9 


0000 


0043 


0128 


0170 


0253 


0294 


0374 


4 8 


12 


17 21 


25 


29 


33 37 


11 


0414 


0453 


0492 


0531 


0569 


0607 


0645 


0682 


0719 


0755 


4 8 


11 


15 


19 


23 26 


30 34 


12 


0792 


0828 


0864 


0899 


0934 


0969 


1004 


1038 


1072 


1106 


3 7 


10 


14 


17 


21 


24 


28 31 


13 


1139 


1173 


1206 


1239 


1271 


1303 


1335 


1367 


1399 


1430 


3 6 


10 


13 


16 


19 


23 


26 29 


14 


1461 


1492 


1523 


1553 


1584 


1614 


1644 


1673 


1703 


1732 


3 6 


9 


12 


15 


18 


21 


24 27 


15 


1761 


1790 


1818 


1847 


1875 


1903 


1931 


1959 


1987 


2014 


3 6 


8 


11 


14 


17 


20 


22 25 


16 


2041 


2068 


2095 


2122 


2148 


2175 


2201 


2227 


2253 


2279 


3 5 


8 


11 


13 


16 


18 


21 24 


17 


2304 


2330 


2355 


2380 


2405 


2430 


2455 


2480 


2504 


2529 


2 5 


7 


10 


12 


15 


17 


20 22 


18 


2553 


2577 


2601 


'^625 


2648 


2672 


2695 


2718 


2742 


2765 


2 5 


7 


9 


12 


14 


16 


19 21 


19 
20 


2788 


2810 


2833 
3054 


2856 


2878 


2900 
3118 


2923 


2945 


2967 
3181 


2989 


2 4 


7 


9 


11 


13 


16 


18 20 


3010 


3032 


3075 


3096 


3139 


3160 


3201 


2 4 


6 


8 


11 


13 


15 


17 19 


21 


3222* 


3243 


3263 


3284 


3304 


3324 


3345 


3365 


3385 


3404 


2 4 


6 


8 


10 


12 


14 


16 18 


22 


3424 


3444 


3464 


3483 


3502 


3522 


3541 


3560 


3579 


3598 


2 4 


6 


8 


10 


12 


14 


15 17 


23 


3617 


3636 


3655 


3674 


3692 


3711 


3729 


3747 


3766 


3784 


2 4 


6 


7 


9 


11 


13 


15 17 


24 


3802 


3820 


3838 


3856 


3874 


3892 


3909 


3927 


3945 


3962 


2 4 


5 


7 


9 


11 


12 


14 16 


25 


3979 


3997 


4014 


4031 


4048 


4065 


4082 


4099 


4116 


4133 


2 3 


5 


7 


9 


10 


12 


14 15 


26 


4150 


4166 


4183 


4200 


4216 


4232 


4249 


4265 


4281 


4298 


2 3 


5 


7 


8 


10 


11 


13 15 


27 


4314 


4330 


4346 


4362 


4378 


4393 


4409 


4425 


4440 


4456 


2 3 


5 


6 


8 


9 


11 


13 14 


28 


4472 


4487 


4502 


4518 


4533 


4548 


4564 


4579 


4594 


4609 


2 3 


5 


6 


8 


9 


11 


12 14 


29 
30 


4624 


4639 


4654 
4800 


4669 


4683 


4698 
4843 


4713 


4728 


4742 
4886 


4757 


1 3 


4 


6 


7 


9 


10 


12 13 


4771 


4786 


4814 


4829 


4857 


4871 


4900 


1 3 




6 


7 


9 


10 


11 13 


31 


4914 


4928 


4942 


4955 


4969 


4983 


4997 


5011 


5024 


5038 


1 3 




6 


7 


8 


10 


11 12 


32 


5051 


5065 


5079 


5092 


5105 


5119 


5132 


5145 


5159 


5172 


1 3 




5 


7 


8 


9 


11 12 


33 


5185 


5198 


5211 


5224 


5237 


5250 


5263 


5276 


5289 


5302 


1 3 




5 


6 


8 


9 


10 12 


34 


5315 


5328 


5340 


5353 


5366 


5378 


5391 


5403 


5416 


5428 


1 3 




5 


6 


8 


9 


10 11 


86 


5441 


5453 


5465 


5478 


5490 


5502 


5514 


5527 


5539 


5551 


1 2 




5 


6 




9 


10 11 


86 


5563 


5575 


5587 


5599 


5611 


5623 


5635 


5647 


5658 


5670 


1 2 




5 


6 




8 


10 11 


87 


5682 


5694 


5705 


5717 


5729 


5740 


5752 


5763 


5775 


5786 


1 2 


3 


5 


6 




8 


9 10 


88 


5798 


5809 


5821 


5832 


5843 


5855 


5866 


5877 


5888 


5899 


1 2 


3 


5 


6 




8 


9 10 


89 
40 


5911 


5922 


5933 
6042 


5944 
6053 


5955 


5966 
6075 


5977 


5988 


5999 
6107 


6010 


1 2 


3 


4 


5 




8 


9 10 


6021 


6031 


6064 


6085 


6096 


6117 


1 2 


3 




5 


6 


8 


9 10 


41 


6128 


6138 


6149 


6160 


6170 


6180 


6191 


6201 


6212 


6222 


1 2 


3 




5 


6 


7 


8 9 


42 


6232 


6243 


6253 


6263 


6274 


6284 


6294 


6304 


6314 


6325 


1 2 


3 




5 


6 


7 


8 9 


43 


6335 


6345 


6355 


6365 


6375 


6385 


6395 


6405 


6415 


6425 


1 2 


3 




5 


6 


7 


8 9 


44 


6435 


6444 


6454 


6464 


6474 


6484 


6493 


6503 


6513 


6522 


1 2 


3 




5 


6 


7 


8 9 


45 


6532 


6542 


6551 


6561 


6571 


6580 


6590 


6599 


6609 


6618 


1 2 


3 




5 


6 


7 


8 9 


46 


6628 


6637 


6646 


6656 


6665 


6675 


6684 


6693 


6702 


6712 


1 2 


3 




5 


6 


7 


7 8 


47 


6721 


6730 


6739 


6749 


6758 


6767 


6776 


6785 


6794 


6803 


1 2 


3 




5 


5 


6 


7 8 


48 


6812 


6821 


6830 


6839 


6848 


6857 


6866 


6875 


6884 


6893 


1 2 


3 




4 


5 


6 


7 8 


49 
60 


6902 


6911 


6920 
7007 


6928 


6937 


6946 
7033 


6955 


6964 


6972 
7059 


6981 


1 2 


3 




4 


5 


6 


7 8 


6990 


6998 


7016 


7024 


7042 


7050 


7067 


1 2 


3 


3 


4 


5 


6 


7 8 


61 


7076 


7084 


7093 


7101 


7110 


7118 


7126 


7135 


7143 


7152 


1 2 


3 


3 


4 


5 


6 


7 8 


62 


7160 


7168 


7177 7185 


7193 


7202 


7210 


7218 


7226 


7235 


1 2 


2 


3 


4 


5 


6 


7 7 


53 


7243 


7251 


7259 


7267 


7275 


7284 


7292 


7300 


7308 


7316 


1 2 


2 


3 


4 


5 


6 


6 7 


64 


7324 


7332 


7340 


7348 


7356 


7364 


7372 


7380 


7388 


7396 


1 2 


2 


3 


4 


5 


6 


6 7 
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Nat. 

N08. 

66 
66 
67 
68 
69 

60 
61 
62 
63 
64 

66 
66 
67 
68 
69 

70 
71 
72 
73 
74 

76 
76 
77 
78 
79 

80 
81 
82 
83 
84 

86 
86 
87 
88 
89 

90 
91 
92 
93 
94 

96 
96 
97 
98 
99 





1 


2 

7419 
7497 
7574 
7649 
7723 

7796 
7868 
7938 
8007 
8075 

8142 
8209 
8274 
8338 
8401 

8463 
8525 
8585 
8645 
8704 

8762 
8820 
8876 
8932 
8987 

9042 
9096 
9149 
9201 
9253 

9304 
9355 
9405 
9455 
9504 

9552 
9600 
9647 
9694 
9741 

9786 
9832 
9877 
9921 
9965 


3 


4 


6 

7443 
7520 
7597 
7672 
7745 

7818 
7889 
7959 
8028 
8096 

8162 
8228 
8293 
8357 
8420 

8482 
8543 
8603 
8663 
8722 

8779 
8837 
8893 
8949 
9004 

9058 
9112 
9165 
9217 
9269 

9320 
9370 
9420 
9469 
9518 

9566 
9614 
9661 
9708 
9754 

9800 
9845 
9890 
9934 
9978 


6 


7 


8 

7466 
7543 
7619 
7694 
7767 

7839 
7910 
7980 
8048 
8116 

8182 
8248 
8312 
8376 
8439 

8500 
8561 
8621 
8681 
8739 

8797 
8854 
8910 
8965 
9020 

9074 
9128 
9180 
9232 
9284 


9 


Proportional Parts. | 


12 3 


4 6 6 


7 8 9 


7404 
7482 
7559 
7634 
7709 

7782 
7853 
7924 
7993 
8062 


7412 
7490 
7566 
7642 
7716 

7789 
7860 
7931 
8000 
8069 


7427 
7505 
7582 
7657 
7731 

7803 
7875 
7945 
8014 
8082 


7435 
7513 
7589 
7664 
7738 

7810 
7882 
7952 
8021 
8089 


7451 
7528 
7604 
7679 
7752 

7825 
7896 
7966 
8035 
8102 


7459 
7536 
7612 
•7686 
7760 

7832 
7903 
7973 
8041 
8109 


7474 
7551 
7627 
7701 
7774 

7846 
7917 
7987 
8055 
8122 


1 2 2 
1 2 2 
1 2 2 
1 1 2 
1 1 2 

1 1 2 
1 1 2 
1 1 2 
1 1 2 
1 1 2 


3 4 5 
3 4 5 
3 4 5 
3 4 4 
3 4 4 

3 4 4 
3 4 4 
3 3 4 
3 3 4 
3 3 4 


6 6 7 
5 6 7 
5 6 7 
5 6 7 
5 6 7 

5 6 6 
5 6 6 
5 6 6 
5 5 6 
5 5 6 


8129 
8195 
8261 
8325 
8388 

8451 
8513 
8573 
8633 
8692 


8136 
8202 
8267 
8331 
8395 

8457 
8519 
8579 
8639 
8698 


8149 
8215 
8280 
8344 
8407 

8470 
8531 
8591 
8651 
8710 


8156 
8222 
8287 
8351 
8414 

8476 
8537 
8597 
8657 
87.16 


8169 
8235 
8299 
8363 
8426 

8488 
8549 
8609 
8669 
8727 


8176 
8241 
8306 
8370 
8432 

8494 
8555 
8615 
8675 
8733 


8189 
8254 
8319 
8382 
8445 

8506 
8567 
8627 
8686 
8745 


1 1 2 
1 1 2 
1 1 2 
1 1 2 
1 1 2 

1 1 2 
1 1 2 
1 1 2 
1 1 2 
1 1 2 


3 3 4 
3 3 4 
3 3 4 
3 3 4 
2 3 4 

2 3 4 
2 3 4 
2 3 4 
2 3 4 
2 3 4 


5 5 6 
5 5 6 
5 5 6 
4 5 6 
4 5 6 

4 5 6 
4 5 5 
4 5 5 
4 5 5 
4 5 5 


8751 
8808 
8865 
8921 
8976 

9031 
9085 
9138 
9191 
9243 

9294 
9345 
9395 
9445 
9494 

9542 
9590 
9638 
9685 
9731 


8756 
8814 
8871 
8927 
8982 

9036 
9090 
9143 
9196 
9248 


8768 
8825 
8882 
8938 
8993 

9047 
9101 
9154 
9206 
9258 


8774 
8831 
8887 
8943 
8998 

9053 
9106 
9159 
9212 
9263 


8785 
8842 
8899 
8954 
9009 

9063 
9117 
9170 
9222 
9274 


8791 
8848 
8904 
8960 
9015 

9069 
9122 
9175 
9227 
9279 


8802 
8859 
8915 
8971 
9025 

9079 
9133 
9186 
9238 
9289 


1 1 2 
1 1 2 
1 1 2 
1 1 2 
1 1 2 

1 1 2 
1 1 2 
1 1 2 
1 1 2 
1 1 2 


2 3 3 
2 3 3 
2 3 3 
2 3 3 
2 3 3 

2 3 3 
2 3 3 
2 3 3 
2 3 3 
2 3 3 


4 5 5 
4 5 5 
4 4 5 
4 4 5 
4 4 5 

4 4 5 
4 4 5 
4 4 5 
4 4 5 
4 4 5 


9299 
9350 
9400 
9450 
9499 

9547 
9595 
9643 
9689 
9736 


9309 
9360 
9410 
9460 
9509 

9557 
9605 
9652 
9699 
9745 


9315 
9365 
9415 
9465 
9513 

9562 
9609 
9657 
9703 
9750 


9325 
9375 
9425 
9474 
9523 

9571 
9619 
9666 
9713 
9759 


9330 
9380 
9430 
9479 
9528 

9576 
9624 
9671 
9717 
9763 


9335 
9385 
9435 
9484 
9533 

9581 
9628 
9675 
9722 
9768 

9814 
9859 
9903 
9948 
9991 


9340 
9390 
9440 
9489 
9538 

9586 
9633 
9680 
9727 
9773 


1 1 2 
1 1 2 
1 1 
1 1 
1 1 

1 1 
1 1 
1 1 
1 1 
1 1 


2 3 3 
2 3 3 
2 2 3 
2 2 3 
2 2 3 

2 2^ 
2 2 3 
2 2 3 
2 2 3 
2 2 3 


4 4 5 
4 4 5 
3 4 4 
3 4 4 
3 4 4 

3 4 4 
3 4 4 
3 4 4 
3 4 4 
3 4 4 


9777 
9823 
9868 
9912 
9956 


9782 
9827 
9872 
9917 
9961 


9791 
9836 
9881 
9926 
9969 


9795 
9841 
9886 
9930 
9974 


9805 
9850 
9894 
9939 
9983 


9809 
9854 
9899 
9943 
9987 


9818 
9863 
9908 
9952 
9996 


1 1 
1 1 
1 1 
1 1 
1 1 


2 2 3 
2 2 3 
2 2 3 
2 2 3 
2 2 3 


3 4 4 
3 4 4 
3 4 4 
3 4 4 
3 3 4 
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The log'of 0.483^*^^ is found by multiplying the log by the exponent 
or 0.42 (9.6839—10) which is 4.067238—4.2. It is difficult to get 
the antilog of this directly, but the value of the logarithm is not 
changed if a number be added to the first part and subtracted from 
the second part to make this —10. In this case add 5.8 to the first 
and substract 5.8 from the second, making the log of 0.483^*^^ 
9.8672 — 10. 

The antilog of this is 0.736 plus 0.0004 or 0.7364. 

That is, 0.483^"*^ is equal to 0.7364. 



APPENDIX B 

Naperian Logarifhms. — ^The natural, hyperbolic or naperian 
logarithm of a number can be found by multiplying the common log- 
arithni of the number by 2.3026 but the solution of problems involv- 
ing this log or the loge as it is written will be facilitated by the 
use of the following tables which read from i to 10 by increments 
of hundredths. 

For example, the loge of 4.36 is given directly as 1.4725. 

Characteristics and mantissas are not handled in this table in the 
same way as the common logs. But as the log of 43.6 is the same as 
the logc of 4.36X10 this may be found by adding the logse of 4.36 
and 10. In this case this is the sum of 1.4725 and 2.3026 or 3.7151. 
That is, the loge of 43.6 is 3.7151. 

In the same way the loge of .436 is the same as the loge of (4-36 
divided by 10) or the loge of 4.36 minus the loge of 10. In this 
case it is 1.4725 — 2.3026 or —0.8301. That is the loge of 0.436 
is —0.8301, a negative number. 
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e -2.7182818 



log e - 0.4342945 - M 



1.0 

1.1 
1.2 
1.3 

1.4 
1.5 
1.6 

1.7 
1.8 
1.9 

2.0 

2.1 
2.2 
2.3 

2.4 
2.5 
2.6 

2.7 
2.8 
2.9 

3.0 

3.1 
3.2 
3.3 

3.4 
3.5 
3.6 

3.7 
3.8 
3.9 

4.0 

4.1 
4.2 
4.3 

4.4 
4.5 
4.6 

4.7 
4.8 
4.9 

5.0 

5.1 
5.2 
5.3 

5.4 
5.5 
5.6 



0.0000 

0.09531 
0. 1823 
0. 2624 

0. 3365 
0. 4055 
0.4700 

0.5306 
0. 5878 
0.6418 

0.6931 

0. 7419 
0. 7884 
0. 8329 

0. 8755 
0.9163 
0.9555 

0.9933 
1.0296 
1.0647 

1.0986 

1.1314 
1.1632 
1.1939 

1.2238 
1.2528 
1.2809 

1.3083 
1.3350 
1.3610 

1.3863 

1.4110 
1.4351 
1.4586 

1.4816 
1.5041 
1.5261 

1.5476 
1.5686 
1.5892 

1.6094 

1.6292 
1 . 6487 
1.6677 

1.6864 
1.7047 
1.7228 



0.00995 0.01980 



0. 1044 
0. 1906 
0. 2700 

0.3436 
0.4121 
0.4762 

0.5365 
0.5933 
0.6471 

0. 6981 

0. 7467 
0. 7930 
0. 8372 

0. 8796 
0. 9203 
0. 9594 

0. 9969 
1.0332 
1.0682 

1.1019 

1.1346 
1.1663 
1.1969 

1.2267 
1 . 2556 
1.2837 

1.3110 
1.3376 
1.3635 

1.3888 

1.4134 
1.4375 
1.4609 

1.4839 
1.5063 
1.5282 

1.5497 
1.5707 
1.5913 

1.6114 

1.6312 
1.6506 
1.6696 

1.6882 
1.7066 
1.7246 



0.1133 
0. 1988 
0. 2776 

0. 3507 
0.4187 
0. 4824 

0.5423 
0. 5988 
0.6523 

0.7031 

0.7514 
0. 7975 
0. 8416 

0. 8838 
0. 9243 
0. 9632 

1.0006 
1.0367 
1.0716 

1.1053 

1.1378 
1.1694 
1.2000 

1 . 2296 
1.2585 
1.2865 

1.3137 
1.3403 
1.3661 

1.3913 

1.4159 
1.4398 
1.4633 

1.4861 
1.5085 
1.5304 

1.5518 
1.5728 
1.5933 

1.6134 

1.6332 
1.6525 
1.6715 

1.6901 
1.7884 
1.7263 



1.4884 
1.5107 
1.5326 

1.5539 
1.5748 
1.5953 

1.6154 

1.6351 
1.6544 
1.6734 

1.6919 
1.7102 
1.7281 



0.02956 

0. 1222 
0. 2070 
0.2852 

0. 3577 
0. 4253 
0. 4886 

0.5481 
0. 6043 
0. 6575 

0. 7080 

0.7561 
0. 8020 
0. 8459 

0. 8879 
0.9282 
0. 9670 

1.0043 
1.0403 
1.0750 

1.1086 

1.1410 
1.1725 
1.2030 

1.2326 
1.2613 
1.2892 

1.3164 
1.3429 
1.3686 

1.3938 

1.4183 
1.4422 
1.4656 



0. 03922 

0.1310 
0.2151 
0.2927 

0. 3646 
0.4318 
0. 4947 

0.5539 
0. 6098 
0. 6627 

0.7129 

0. 7608 
0. 8065 
0. 8502 

0. 8920 
0.9322 
0. 9708 



1 . 0080 
1.0438 
1.0784 

1.1119 

1.1442 
1.1756 
1.2060 

1.2355 
1.2641 
1.2920 

1.3191 
1.3455 
1.3712 

1.3962 

1.4207 
1.4446 
1.4679 



1.4907 
1.5129 
1.5347 

1.5560 
1.5769 
1.5974 

1.6174 

1.6371 
1.6563 
1.6752 

1 . 6938 
1.7120 
1.7299 



0. 04879 

0. 1398 
0.2231 
0. 3001 

0.3716 
0. 4382 
0.5008 

0.5596 
0.6152 
0.6678 

0.7178 

0.7655 
0.8109 
0.8544 

0. 8961 
0.9361 
0.9746 



6 



1.0116 
[1.0473 
1.0818 

1.1151 

1.1474 
1.1787 
1.2090 

1.2384 
1.2669 
1.2947 

1.3218 
1.3481 
1.3737 

1.3987 

1.4231 
1.4469 
1.4702 

1.4929 
1.5151 
1.5369 

1.5581 
1.5790 
1.5994 

1.6194 

1.6390 
1.6582 
1.6771 

1.6956 
1.7138 
1.7317 



0.05827 

0. 1484 
0.2311 
0.3075 

0. 3784 
0.4447 
0.5068 

0. 5653 
0. 6206 
0.6729 

0. 7227 

0. 7701 
0.8154 
0. 8587 

0. 9002 
0. 9400 
0.9783 

1.0152 
1.0508 
1.0852 

1.1184 

1.1506 
1.1817 
1.2119 

1.2413 
1.2698 
1,2975 

1.3244 
1 . 3507 
1.3762 

1.4012 

1.4255 

1.4493 
1.4725 

1.4951 
1.5173 
1.5390 

1.5602 
1.5810 
1.6014 



1.6214 

1.6409 
1.6601 
1.6790 

1.6974 
1.7156 
1 . 7334 



0. 06766 

0. 1570 
0.2390 
0.3148 

0. 3853 
0.4511 
0.5128 

0.5710 
0. 6259 
0. 6780 

0.7275 

0. 7747 
0.8198 
0. 8629 

0. 9042 
0.9439 
0.9821 

1.0188 
1.0543 
1.0886 

1.1217 

1.1537 
1.1848 
1.2149 

1 . 2442 
1.2726 
1.3002 

1.3271 
1.3533 
1.3788 

1.4036 

1.4279 
1.4516 
1.4748 

1.4974 
1.5195 
1.5412 

1.5623 
1.5831 
1.6034 



1.6233 

1.6429 
1.6620 
1.6808 

1.6993 
1.7174 
1.7352 



8 



0. 07696 

0. 1655 
0. 2469 
0.3221 

0. 3920 
0.4574 
0.5188 

0, 5766 
0.6313 
0.6831 

0. 7324 

0.7793 
0.8242 
0.8671 

0. 9083 
0. 9478 
0. 9858 

1.0225 
1.0578 
1.0919 

1.1249 

1.1569 
1.1878 
1.2179 

1.2470 
1.2754 
1.3029 

1.3297 
1.3558 
1.3813 

1.4061 

1.4303 
1.4540 
1.4770 

1.4996 
1.5217 
1.5433 

1.5644 
1.5851 
1.6054 

1.6253 

1.6448 
1.6639 
1 . 6827 



9 



1.7011 
1.7192 
1.7370 



0.08618 

0. 1739 
0. 2546 
0. 3293 

0.3988 
0. 4637 
0.5247 

0. 5822 
0. 6366 
0.6881 

0.7372 

0. 7839 
0. 8286 
0.8713 

0.9123 
0.9517 
0. 9895 

1.0260 
1.0613 
1.0953 

1.1282 

1.1600 
1.1909 
1.2208 

1.2499 
1.2782 
1.3056 

1.3324 
1.3584 
1.3838 

1.4085 

1.4327 
1.4563 
1.4793 

1.5019 
1.5239 
1.5454 

1.5665 
1.5872 
1.6074 

1.6273 

1.6467 
1.6658 
1.6845 



1.7029 
1.7210 
1.7387 
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6.7 
5.8 
5.9 

6.0 

6.1 
6.2 
6.3 

6.4 
6.5 
6.6 

6.7 
6.8 
6.9 

7.0 

7.1 
7.2 
7.3 

7.4 
7.5 
7.6 

7.7 
7.8 
7.9 

8.0 

8.1 
8.2 
8.3 

8.4 
8.5 
8.6 

8.7 
8.8 
8.9 

9.0 

9.1 
9.2 
9.3 

9.4 
9.5 
9.6 

9.7 
9.8 
9.9 

10.0 



1.7405 
1.7579 
1.7750 

1.7918 

1.8083 
1.8245 
1.8405 

1.8563 
1.8718 
1.8871 

1.9021 
1.9169 
1.9315 

1.9459 

1.9601 
1.9741 
1.9879 

2.0015 
2. 0149 
2. 0281 

2. 0412 
2. 0541 
2. 0668 

2. 0794 

2.0919 
2. 1041 
2.1163 

2. 1282 
2. 1401 
2. 1518 

2. 1633 
2. 1748 
2. 1861 

2. 1972 

2. 2083 
2.2192 
2.2300 

2. 2407 
2.2513 
2.2618 

2. 2721 
2.2824 
2. 2925 

2. 3026 



1.7422 
1.7596 
1.7766 

1.7934 

1.8099 
1.8262 
1.8421 

1.8579 
1.8733 
1.8886 

1.9036 
1.9184 
1.9330 

1.9473 

1.9615 
1.9755 
1.9892 

2. 0028 
2.0162 
2.0295 

2. 0425 
2.0554 
2.0681 

2.0807 

2.0931 
2. 1054 
2.1175 

2. 1294 
2.1412 
2. 1529 

2. 1645 
2. 1759 
2. 1872 

2. 1983 

2. 2094 
2.2203 
2.2311 

2. 2418 
2. 2523 
2. 2628 

2. 2732 
2.2834 
2.2935 



2 



1.7440 
1.7613 
1.7783 

1.7951 

1.8116 
1.8278 
1.8437 

1.8594 
1.8749 
1.8901 

1.9051 
1.9199 
1.9344 

1.9488 

1.9629 
1.9769 
1.9906 

2.0042 
2.0176 
2.0308 

2. 0438 
2. 0567 
2. 0694 

2.0819 

2.0943 
2. 1066 
2.1187 

2. 1306 
2. 1424 
2. 1541 

2. 1656 
2. 1770 
2. 1883 

2. 1994 

2.2105 
2.2214 
2.2322 

2. 2428 
2. 2534 
2.2638 

2. 2742 
2. 2844 
2.2946 



1.7457 
1.7630 
1.7800 

1.7967 

1.8132 
1.8294 
1.8453 

1.8610 
1.8764 
1.8916 

1.9066 
1.9213 
1.9359 

1.9502 

1.9643 
1.9782 
1.9920 

2. 0055 
2.0189 
2.0321 

2.0451 
2.0580 
2. 0707 

2.0832 

2. 0956 
2. 1078 
2.1199 

2.1318 
2. 1436 
2. 1552 

2. 1668 
2. 1782 
2. 1894 

2.2006 

2.2116 
2.2225 
2. 2332 

2. 2439 
2. 2544 
2. 2649 

2. 2752 
2.2854 
2. 2956 



1 . 7475 
1.7647 
1.7817 

1.7984 

1.8148 
1.8310 
1.8469 

1.8625 
1.8779 
1.8931 

1.9081 
1.9228 
1.9373 

1.9516 

1.9657 
1.9796 
1.9933 

2.0069 
2. 0202 
2.0334 

2. 0464 
2.0592 
2.0719 

2.0844 

2.0968 
2. 1090 
2.1211 

2. 1330 
2. 1448 
2. 1564 

2. 1679 
2. 1793 
2. 1905 

2.2017 

2.2127 
2.2235 
2. 2343 

2. 2450 
2. 2555 
2. 2659 

2. 2762 
2.2865 
2.2966 



1.7492 
1.7664 
1.7834 

1.8001 

1.8165 
1.8326 
1.8485 

1.8641 
1.8795 
1.8946 

1.9095 
1.9242 
1.9387 

1.9530 

1.9671 
1.9810 
1.9947 

2.0082 
2.0215 
2. 0347 

2. 0477 
2.0605 
2.0732 

2. 0857 

2. 0980 
2.1102 
2. 1223 

2. 1342 
2. 1459 
2. 1576 

2. 1691 
2. 1804 
2.1917 

2. 2028 

2.2138 
2. 2246 
2. 2354 

2. 2460 
2. 2565 
2. 2670 

2. 2773 
2.2875 
2.2976 



6 



1.7509 
1.7681 
1.7851 

1.8017 

1.8181 
1.8342 
1.8500 

1.8656 
1.8810 
1.8961 

1.9110 
1.9257 
1.9402 

1.9544 

1.9685 
1.9824 
1.9961 

2. 0096 
2.0229 
2. 0360 

2. 0490 
2.0618 
2.0744 

2.0869 

2. 0992 
2.1114 
2. 1235 

2.1353 
2.1471 
2. 1587 

2. 1702 
2.1815 
2. 1928 

2.2039 

2. 2148 
2. 2257 
2. 2364 

2. 2471 
2.2576 
2.2680 

2. 2783 
2. 2885 
2.2986 



1.7527 
1.7699 
1.7867 

1.8034 

1.8197 
1.8358 



8 



1.7544 
1.7716 
1.7884 

1.8050 

1.8213 

1.8374 



1.8516 1.8532 



1.8672 
1 . 8825 
1.8976 

1.9125 
1.9272 
1.9416 

1.9559 

1.9699 
1.9838 
1.9974 

2. 0109 
2.0242 
2. 0373 

2. 0503 
2. 0631 
2.0757 

2.0881 

2. 1005 
2.1126 
2. 1247 

2. 1365 
2. 1483 
2. 1599 

2.1713 
2. 1827 
2. 1939 

2. 2050 

2. 2159 
2. 2268 
2. 2375 

2. 2481 
2. 2586 
2.2690 

2. 2793 
2. 2895 
2.2996 



1.8687 
1.8840 
1.8991 

1.9140 
1.9286 
1.9430 

1.9573 

1.9713 
1.9851 
1.9988 

2.0122 
2.0255 
2.0386 

2.0516 
2.0643 
2.0769 

2. 0894 

2.1017 
2.1138 
2. 1258 

2. 1377 
2. 1494 
2. 1610 

2. 1725 
2. 1838 
2. 1950 

2. 2061 

2. 2170 
2.2279 
2. 2386 

2. 2492 
2. 2597 
2. 2701 

2. 2803 
2.2905 
2. 3006 



9 



1.7561 
1.7733 
1.7901 

1.8066 

1.8229 
1.8390 
1.8547 

1.8703 
1.8856 
1.9006 

1.9155 
1.9301 
1.9445 

1.9587 

1.9727 
1.9865 
2. 0001 

2.0136 
2.0268 
2. 0399 

2.0528 
2.0656 
2. 0782 

2. 0906 

2. 1029 
2.1150 
2. 1270 

2. 1389 
2. 1506 
2. 1622 

2. 1736 
2. 1849 
2. 1961 

2. 2072 

2.2181 
2. 2289 
2.2396 

2. 2502 
2. 2607 
2.2711 

2. 2814 
2.2915 
2.3016 
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Tables showing the temperature, pressure, specific volume and density of 
steam or water vapor from 32° to 219** F., condensed from Marks' and Davis* 
Steam Tables by permission of the publishers, Longmans, Green & Co. 



— < 

Temperature 


Pressure 


Specific voL, 
cubic feet 
per pound 


Density, 

pounds per 

cubic foot 


Fahrenheit 


Pounds per 


Inches 




square inch 


mercury 






32 


0.0886 


0.1804 


3,294 


0.000304 


ZZ 


0.0922 


0.1878 


3,170 


0.000316 


34 


0.0960 


0.1955 


3,052 


0.000328 


35 


0.0999 


0.2034 


2,938 


0.000340 


36 


0.1040 


0.2117 


2,829 


0.000353 


37 


0.1081 


0.2202 


2,725 


0.000367 


38 


0.1125 


0.2290 


2,626 


0.000381 


39 


0.1170 


0.2382 


2,530 


0.000395 


40 


0.1217 


0.2477 


2,438 


0.000410 


41 


0.1265 


0.2575 


2,350 


0.000425 


42 


0.1315 


0.2677 


2,266 


0.000441 


43 


0.1366 


0.2782 


2,185 


0.000458 


44 


0.1420 


. 2890 


2,107 


0.000475 


45 


0.1475 


0.3002 


2,033 


0.000492 


46 


0.1532 


0.3118 


1,961 


0.000510 


47 


0.1591 


0.3238 


1,892 


0.000529 


48 


0.1651 


0.3363 


1,826 


0.000548 


49 


0.1715 


0.3492 


1,763 


0.000567 


50 


0.1780 


0.3625 


1,702 


0.000587 


51 


0.1848 


0.3762 


1,643 


. 000608 


52 


0.1917 


0.3903 


1,586 


0.000630 


53 


0.1989 


. 4049 


1,532 


0.000653 


54 


. 2063 


0.4201 


1,480 


0.000676 


55 


0. 2140 


0.4357 


1,430 


0.000700 


56 


0.2219 


0.4518 


1,381 


0.000724 


57 


0.2301 


0.4684 


1,335 


0.000749 


58 


0.2385 


0.4856 


1,291 


0.000775 


59 

« 


0.2472 


0.5034 


1,249 


0.000801 
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Temperature 


Pressure 


Specific vol., 
cubic feet 
per pound 


Density, 

pounds per 

cubic foot 


Fahrenheit 


Pounds per 


Inches 




square inch 


mercury 






60 


0.2562 


0.522 


1,208 


0.000828 


61 


0.2654 


0.541 


1,168 


0.000856 


62 


0.2749 


0.560 


1,130 


0.000885 


63 


0.2847 


0.580 


1,093 


0.000915 


64 


0.2949 


0.601 


1,058 


0.000946 


65 


0.3054 


0.622 


1,024 


0.000977 


66 


0.3161 


0.644 


991 


0.001009 


67 


0.3272 


0.667 


959 


0.001043 


68 


0.3386 


0.690 


928 


0.001077 


69 


0.3504 


0.714 


899 


0.001112 


70 


0.3626 


0.739 


871 


0. 001 148 


71 


0.3751 


0.764 


843 


0. 001 186 


72 


0.3880 


0.790 


817 


0.001224 


73 


0.4012 


0.817 


792 


0.001263 


74 


0.4148 


0.845 


767 


. 001304 


75 


0.4288 


0.873 


743 


0.001346 


76 


0.4432 


0.903 


720 


0.001389 


77 


0.4581 


0.933 


698 


0.001433 


78 


0.4735 


0.964 


677 


0.001477 


79 


0.4893 


0.996 


657 


0.001523 


80 


0.505 


1.029 


636.8 


0.001570 


81 


0.522 


1.063 


617-5 


0.001619 


82 


0.539 


1.098 


598.7 


0.001670 


83 


0.557 


1. 134 


580.5 


0.001723 


84 


0.575 


1. 171 


562.9 


0.001777 


85 


0.594 


1.209 


545.9 


0.001832 


86 


0.613 


1.248 


529.5 


0.001889 


87 


0.633 


1.289 


513.7 


0.001947 


88 


0.654 


1. 331 


498.4 


0.002007 


89 


0.675 


1.373 


483.6 


0.002068 


90 


0.696 


1. 417 


469.3 


0.002131 


91 


0.718 


1.462 


455.5 


0.002195 


92 


0.741 


1.508 


442.2 


0.002261 


93 


0.765 


1.556 


429.4 


0.002329 


94 


0.789 


1.605 


417.0 


0.002398 
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Temperature 


Pressure 


Specific vol., 
cubic feet 
per pound 


Density, 


Fahrenheit 


Pounds per 


Inches 


pounds per 
cubic foot 




square inch 


mercuiy 






95 


0.813 


1.655 


405.0 


0.002469 


96 


0.838 


1.706 


393.4 


0.002542 


97 


0.864 


1.759 


382.2 


0.002617 


98 


0.891 


1. 813 


371.4 


0.002693 


99 


0.918 


1.869 


360.9 


0.002771 


100 


0.946 


1.926 


350.8 


0.002851 


lOI 


0.975 


1.985 


341.0 


0.002933 


102 


1.005 


2.045 


331.5 


0.003017 


103 


1.035 


2.107 


322.2 


0.003104 


104 


1.066 


2. 171 


313.3 


0.003192 


105 


1.098 


2.236 


304.7 


0.003282 


106 


1. 131 


2.303 


296.4 


0.003374 


107 


1. 165 


2.372 


288.3 


0.003469 


108 


1. 199 


2.443 


280.5 


0.003565 


109 


1.235 


2.515 


272.9 


0.003664 


no 


1. 271 


2.589 


265. 5 


0.003766 


III 


1.308 


2.665 


258.3 


0.003871 


112 


I 346 


2.740 


251.4 


0.003978 


113 


1.380 


2.822 


244.7 


0.004087 


114 


1.426 


2.904 


238.2 


0.004198 


"5 


1.467 


2.987 


231.9 


0.004312 


116 


1.509 


3.073 


225.8 


0.004429 


117 


1-553 


3. 161 


219.9 


. 004548 


118 


I 597 


3.252 


214. 1 


0.004671 


119 


1.642 


3.344 


208.5 


0.004796 


120 


1.689 


3.438 


203.1 


0.004924 


121 


I 736 


3.535 


197.9 


0.005054 


122 


1.785 


3 635 


192.8 


0.005187 


123 


I 835 


3.737 


187.9 


0.005323 


124 


1.886 


3.841 


183. 1 


0.005462 


125 


1.938 


3.948 


178.4 


0.005605 


126 


1.992 


4.057 


173.9 


0.005751 


127 


2.047 


4.168 


169.6 


. 005900 


128 


2.103 


4.282 


165.3 


0.006052 


129 


2. 160 


4-399 


161. 1 


0.006207 
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Temperature 


Pressure 


Specific vol., 
cubic feet 
per pound 


Density, 

pounds per 

cubic foot 


Fahrenheit . 


Pounds per 


Inches 




square inch 


mercury 






130 


2.219 


4.52 


157. 1 


0.00637 


131 


2.279 


4.64 


153.2 


0.00653 


132 


2.340 


4.76 


149.4 


0.00669 


133 


2.403 


4.89 


145.8 


0.00686 


134 


2.467 


5.02 


142.2 


0.00703 


13s 


2.533 


5.16 


138.7 


0.00721 


136 


2.600 


■ 5.29 


135.4 


0.00739 


137 


2.669 ' 


5-43 


132. 1 


0.00757 


138 


2.740 


5.58 


128.9 


0.00776 


139 


2.812 


5.73 


125.8 


0.00795 


140 


2.885 


5.88 


122.8 


0.00814 


141 


2.960 


6.03 


"99 


. 00834 


142 


3.037 


6.18 


117. 1 


0.00854 


143 


3. 115 


6.34 


114. 3 


0.00875 


144 


3.195 


6.51 


in. 6 


0.00896 


145 


3.277 


6.67 


109.0 


0.00918 


146 


3.361 


6.84 


106.5 


0.00940 


147 


3.446 


7.02 


104.0 


0.00962 


148 


3.533 


7.20 


101.6 


0.00985 


149 


3.623 


7.38 


99.2 


0.01008 


ISO 


3.714 


7.57 


96.9 


0.01032 


151 


3.809 


7.76 


94.7 


0.01056 


152 


3.902 


7.95 


92.6 


0.01080 


153 


3.999 


8.14 


90.5 


0.01105 


154 


4.098 


8.34 


88.4 


0.01131 


155 


4.199 


8.55 


86.4 


0.01157 


156 


4.303 


8.76 


84.5 


0. 01 184 


157 


4.408 


8.98 


82.6 


0.01211 


158 


4.515 


9.20 


80.7 


0.01239 


159 


4.625 


9.42 


78.9 


0.01267 


160 


4.737 


9.65 


77.2 


0.01296 


161 


4.851 


9.88 


75.5 


0.01325 


162 


4.967 


10.12 


73.8 


0.01355 


163 


5.086 


10.36 


72.2 


0.01386 


164 


5.208 


10.61 


70.6 


0.01417 
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Temperature 


Pressure 


Specific vol., 

cubic feet 

per pound 


Density, 

pounds per 

cubic foot 


Fahrenheit 


Pounds per 


Inches 




square inch 


mercury 


• 




i6s 


5. 333 


10.86 


69.1 


0.01448 


i66 


5.460 


II. 12 


67.6 


0.01480 


167 


5- 589 


11.38 


66.1 


0.01513 


168 


5-721 


11.65 


64.7 


0.01546 


169 


5.855 


11.92 


63.3 


0.01580 


170 


5. 992 


12.20 


62.0 


0.01614 


171 


6. 131 


12.48 


60.7 


0.01649 


172 


6.273 


12.77 


59.4 


0.01685 


173 


6.417 


13.07 


58.1 


0.01721 


174 


6 . 564 


13.37 


56.9 


0.01758 


175 


6.714 


13.67 


55.7 


0.01796 


176 


6.867 


13.98 


54.5 


0.01834 


177 


7.023 


14.30 


53.4 


0.01873 


178 


7.182 


14.62 


52.3 


0.01912 


179 


7.344 


14.95 


51.2 


0.01953 


180 


7.51 


15.29 


50.15 


0.01994 


181 


7.68 


15.63 


49.12 


0.02036 


182 


7.85 


15.98 ' 


48.12 


0.02078 


183 


8.02 


16.34 


47.14 


0.02121 


184 


8.20 


16.70 


46.18 


0.02165 


i8S 


8.38 


17.07 


45.25 


0.02210 


186 


8.57 


17.45 


44.34 


0.02255 


187 


8.76 


17.83 


43.45 


0.02301 


188 


8.95 


18.22 


42.59 


0.02348 


189 


9.14 


18.61 


41.74 


0.02396 


190 


9.34 


19.02 


40.91 


. 02444 


191 


9.54 


19.43 


40.10 


0.02493 


192 


9.74 


19.83 


39.31 


0.02544 


193 


9.95 


20.27 


38.54 


0.02595 


194 


10.17 


20.71 


37.78 


0.02647 


19s 


10.39 


21.15 


37.04 


0.02700 


. 196 


10.61 


21.60 


36.32 


0.02753 


197 


10.83 


22.05 


35.62 


0.02807 


198 


11.06 


22.52 


34.93 


0.02863 


199 


11.29 


22.99 


34.26 


0.02919 
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Temperature 


Pressure 


Specific vol., 
cubic feet 
per pound 


Density, 
pounds per 
cubic foot 


Fahrenheit 


Pounds per 


Inches 




square inch 


mercury 






200 


11.52 


23.47 


33.60 


0.02976 


201 


11.76 


23.95 


32.96 


0.03034 


202 


12.01 


24.45 


32.33 


0.03093 


203 


12.26 


24.96 


31.72 


0.03153 


204 


12.51 


25.48 


31.12 


0.03214 


205 


12.77 


26.00 


30.53 


0.03276 


206 


13.03 


26.53 


29.95 


0.03339 


207 


13.30 


27.08 


29.39 


0.03402 


208 


13.57 


27.63 


28.85 


. 03466 


209 


13.85 


28.19 

1 


28.32 


0.03531 


210 


14.13 


28.76 


27.80 


0.03597 


211 


14.41 


29.33 


27.29 


0.03664 


212 


14.70 


29.92 


26.79 


0.03732 


213 


14.99 


30.52 


26.30 


0.03802 


214 


15.29 


31.15 


25.82 


0.03873 



Partial Pressures. — Suppose, for example, the barometers read 
29.214 in. of mercury at a temperature of 78° F. Chart F of the 
diagram shows that at this temperature i in. of mercury corresponds 
to a pressure of 0.4889 lb. per square inch. That is, the barometer 
reading of 29.214 in. of mercury corresponds to an absolute pressure 
of 14.2827 lb. per square inch. If the air is saturated with moisture 
at 78° F., the pressure exerted by this vapor is, as shown from the 
tables of Marks and Davis, 0.4735 lt>. per square inch. The pressure 
of the dry air present would then be 14.2827—0.4735 or 13.8092 
lb. per square inch. 

Suppose the psychrometer shows a relative humidity of 40 per 
cent. As the vapor pressures are proportional to the absolute 
weights, the pressure exerted by the moisture in the air will be 
40 per cent, of 0.4735 ^^ 0.1894 lb. per square inch. In this case 
the pressure due to the dry air present will be 

14.2827— 0.1894 or 14.0933 lb. per square inch. 

If it is necessary to find the weight of a cubic foot of this moist 
air, this can be found by adding the weight of the cubic foot of dry 
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air at its pressure and temperature to the weight of the vapor 
present. 

The weight of vapor present is found by multiplying the weight 
of a cubic foot of vapor at the given temperature by the relative 
humidity. The tables show that 78° F., the weight of a cubic foot 
of vapor, is 0.001477. The weight of the vapor present in the 
example is 40 per cent. X0.001477 or 0.000591 lb. 

The weight of dry air present is found from the formula 

s"3:3'2^r'^-53.3(46o+78)-^-^7^77^ 

The weight per cubic foot of the air and its accompanying vapor 
is 

0.000591+0.070773 =0.071364. 

This calculation can be made quite simply by referring to the 
various charts of the large diagram. By referring to Chart D it 
will be seen that the weight of air at 40 per cent, relative humidity 
and 78° F. is .06992 lb. per cubic foot if the pressure of the atmosphere 
is 14 lb. per square inch. In the example given the pressure is 
14.2827 lb. per square inch. By referring to Chart E it will be 
seen that for the pressure of 14.2827 and temperature of 78° F. a 
correction of 0.00144 should be added making the weight per cubic 
foot of this mixture 

0.06992+0.00144 or .07136 lb. per cubic foot. 

When it is desired to measure air with a Thomas electric meter, 
the mean specific heat of the mixture of air and water vapor must 
be known. W. H. Carrier in his paper "Rational Psychrometric 
Formulae," Journal A, S, M, £., Nov., 191 1, gives the following 
values which represent the results of the more recent investigations 
on the specific heat of air and water vapor. Instantaneous specific 
heat of air 

C po = o. 241 1 2 +0.000009/ 

where / is the temperature in degrees Fahrenheit; and the instan- 
taneous specific heat of water vapor as approximately 

Cps =0.4423+0.00018/ 

where / is the teniperature in degrees Fahrenheit. 

Applying these formulae to the example given with temperature 
of 78, Cpa is 0.241822 and Cps is 0.45634, 
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The mean specific heat can then be found by multiplying the 
weight of each substance in the mixture by its specific heat, adding 
the products, and dividing the sum by the weight of the mixture. 
Thus 

For the air, 0.070773X0.241822=0.017114 
For the moisture, 0.000591 X0.45634 =0.000270 

0.017384 

Mean specific heat is 0.017384-^0.071364 or 0.2436. 

The mean specific heat may also be obtained by referring to 
Chart B of the large diagram. This shows that for the given temp- 
erature of 78° F. and a relative humidity of 40 per cent, the mean 
specific heat may be taken as 0.2435. 

The above principles are applied commercially in testing steam 
condensers. An accurate thermometer is placed in the suction 
to the dry air pump and a mercury column attached to the same. 
In a condenser the conditions are such that the mixture is always 
saturated. Hence the pressure due to water vapor passing to the 
air pump will equal that due to its temperature as given in the 
steam tables. Then the difference between this pressure and that 
shown by the mercury column will equal the pressure due to the 
dry air in the mixture. If the volumetric eflSciency of the air 
pump is known, the amount of air pumped can be computed, and 
this gives a means of readily checking the condensing equipment 
for air leakage. 

The large diagram containing Charts A, B, C, D, E, F and G 
was prepared by W. C. Rowse, Instructor in the Steam and Gas 
Engineering Department of the University of Wisconsin. 
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Absolute humidity, 191 

temperature, 5 

zero, 6 
Action of piston compressor, 70 
Actual card of piston compressor, 78 

compression, 75 
Advantage of isothermal compressor, 

25 

of multi-stage compressor, 90 
Air, I 

at low pressures, 38, 68 

at pressures below the atmosphere, 
26,-68 

composition, i 

characteristics, 1-4 
and energy equations, 
10-17 

compressor cards, 75 

discharge valve, 102 

density at various pressures, 174 

dry, 4 

for cupolas, 39 

for forges, 39 

for ventilation, 39, 40 

free, 2 

humidity, 2-6 

internal energy, 6, 7. 16 

in water, 29 

inlet valve, loi 

measurement, 160-171 

pump, Edwards, 31 
U. S. Navy, 30 

supply for various buildings and 
rooms, 40 
Allis Chalmers fan, 65 
Altitude effect, 140-144 
Anemometers, 43 

Apparatus for measuring large quan- 
tities of air, 166 
Apparent specific heat, 8 

volumetric efficiency, 77 
Area of inlet valves, 100 

of discharge valves, loi 

of fan blast, 43, 62 



Arrangements for coupling turbo- 
blowers, 125 
Arthur compressor, 132 
Arthur, Thomas, 132 
Automatic valves, 100 
Available power, 179 
Axial discharge fan, 41 
thrust, balancing, 121 

Balancing axial thrust, 121 
Rateau impellers, 122 
by balancing piston, 123 
by counter position, 121 
by diminishing back area, 122 

Baloche and Krahnass compressor, 

131, 132 • 
Belt regulator, 105, 107 
Blast area, fans, 43, 62 
Blower capacities, 50 

cross section, 50 

definitions, 42 

efficiency, 81 

losses, 81 

mixing, 127 

Parsons, 114 

pressures, 50 

Rateau, 114 
Blowing engine, 41 
Blowers, 41 
Boyle's law, 10 

Brake horse-power for fans, 58, 60, 66 
Brauer's method of constructing ex- 
ponential curves, 19 
Brown, Boveri and Co. turbo-com- 
pressor, 117 
British thermal xmit, 6 
Buildings, air required, 40 

Calculated and actual horse-power 
required for single stage com- 
pression, 74 
Capacity of blowers, 50 
of fans, 42 
of intercoolers, 93, 94 
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Capacity of receivers, i6o 

Card of piston compressor, actual. 78 

ideal, 77 
Cards, combined two-stage, 147 

clearance unloader, 112 

from air compressors, 70, 75 

showing adiabatic and isother- 
mal compression, 73 
Carrier, W. H., 199 
Centrifugal fans, 38-65 
Channing, J. Parke, 144 
Characteristic and energy equations 
for air, 10-17 

equation for perfect gas, 
10 
Characteristics of air, 1-4 
Christie, A. G., 191 
Classification of fans and blowers, 41 

of valves, 98 
Clayton governor, 109 
Cleaning valves, 182 
Clearance efifect, 70, 71, 96, 97, 99 

methods of reducing, 71 

unloader, no, 112 
cards, 112 
Coefficient of contraction, 43 

of efflux, 43, 56 

of velocity, 43 
Combined cards, two-stage compressor, 

147 
governor and regulator, 109 

Common logarithms, 184-186 
Comparative effect of altitude on out- 
put, 143 
Compensator, hydraulic, 83 

lever, 83, 84 

weight, 2^z 
Composition of air, i 
Compressed air explosions, 182 
Compression, actual, 75 

isothermal, 25 

line, 73 

wet and dry, 74 

exponential, 23 
Compressor, direct-acting steam, 82 

low pressure, 38 

tests, 144, 158 
Computation of internal or intrinsic 
energy. 16 



Concentration of liquors, 34 
Condenser pumps, 27 
Cone wheel fans, 65, 66 
Constants for pipe formulae, 174,175 
Construction of equilateral hyperbola, 
18, 19 

of exponential curves, 19 

of isothermal curves, 18 
Contraction, coefficient of, 43 
Cooling capacity, 93 

devices, 117 

surface. 93 

turbo-compressors, 115 
Cost of Taylor compressor at Ains- 

worth, B. C, 136 
Coupling compressors, 124 
Cross-section, standard blower, 50 

piston compressor, 69 
Cupolas, air required, 39 
Cutler-Hammer Co., 161 
Cylinder efficiency, 80 

D'Auria system of energy compensa- 
tion, 83 

Dalton*s law, 191 

Davis, G. J., 164 

Definitions, fundamental, 5-9 
for fans and blowers, 42 

Density of air for various pressures, 1 74 
of water vapor, 193-198 

Description of fans, 58 

Design of fans, 58, 67 

of turbo-compressors, 113 

Details of piston air compressors, 98- 
iio 

Developed section of Parsons blades, 115 

Devices, cooling, 117 

Diagram, three stage piston compres- 
sor. 116 
turbo-compressor, 116 

Diagrammatic sketch of Thomas elec- 
tric meter, 169 

Diagrams, graphical, 18-25 

Difference between isothermal and 
adiabatic compression, 22 

Direct acting steam compressor, 82 

Disc fan, 58 

Discharge from a fan, 57, 59, 66 
valve, 102 
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Discharge, area, loi 
Draft measurement, 43 
Dresser coupler, 172 
Dry air, 4 

pump, 27 
Duplex compressor, 86 

cross compound steam, two-stage 
air compressor, 88 

belt driven compressor, 87 

steam driven compressor, 87 
Durley, R. J., 166 

Economic efficiency, 81 
Edwards air pump, 31 
Effect of altitude, 140-144 

of clearance, 70, 71, 96, 97 

of changing discharge pressure, 99 

of early closing of inlet valve, 73 

of pressure on temperature, 4 
Effects of heat, 6 

of outlet on capacity, 55 
Effects of pressure on tempera- 
ture, 4 • 
Efficiency, apparent volumetric, 77 

blower, 81 

cylinder, 80 

economic, 81 

of compression, 80 

of fans, 45 

of Taylor compressor, 134 
Efficiencies, 77-82 

true volumetric, 80 
Efflux, coefficient of, 43, 56 
Electric meter, diagram, 169 
Energy, 5 

compensation, 82-88 

in air, 6 
Engineering Magazine, 113 
Equalizing steam pressure and air 

resistance, 82 
Equilateral hyperbola, 18, 19 
External energy changes, 6 
Expansion of casing, 118 
Explosions, compressed air, 182 
Exponential compression, 23 

curve construction, 19 , 

Fan, blast or steel plate, 60 
capacity, 42 



Fan, centrifugal, 38-65 

cone^wheel, 65-66 

definitions, 42 

design, 58-67 

description, 58 

discharge, 58, 59, 66 ^ 

efficiency, 45 

losses, 45 

mechanics of, 52 

pressure, 42 

proportions, 41, 61 

radial wheel, 58 

speed, 62, 67 
Fans, axial, 41 

classification of, 41 

or blowers, 41 
Flow of gas through an orifice, 45, 46 
Forges, air required, 39 
Forms of poppet valves, loi 
Free air, 2 

discharge, 42 
Friction effect of elbows, 61, 176 
Frizell, J. P., 129 
Frizell's compressor, 129 
Fundamental definitions, 5-9 

Gases in air, i 

Governor and regulator combined, 109 
Clayton, 109 
for electric driven compressors, 

107 
Nordberg, 109, no 
Grains, vapor per cu. ft. saturated air, 2 
Graphical construction of exponential 
curve, 18, 19 
of isothermal ciu*ve, 18, 19 
diagrams, 18-25 

method of determining mean 
head, 165 

Halsey, F. A., 142 
Hammon coupler, 172, 173 
Heat, 5 

added or taken away for iso- 
thermal change, 21 
for exponential change, 21 
effects, 6 

taken away during compression, 
22 
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Hero's device for opening temple doors, 
VII 
fountain, VII 
Horse-power, brake for fans, 58, 60, 66 

single-stage compression, 74 
Horizontal-vertical arrangement of 

cylinders, 86 
Housing for fans, 42-63 
Humidity, absolute, 191 

of air, I, 2, 3, 55 
Hydraulic air compression, 129-139 
air pump, 26 
compensator, 83 
compression losses, 138 
compressor, Arthur's, 132 

Baioche and Krahnass, 131, 132 
Taylor's, 133-137 
Hygrometry, 191 

Ideal card, piston compressor, 77 
Impellers, rotary blowers, 49, 50 
Improved cooling, turbo-compressors, 

118 
Indicator card piston compressor, 70 

cards, condenser pumps, 30 
Industrial uses vacuum, 32 
Ingersoll Rand Co., 103, in, 112 

compressor, 147 
Inlet connection, 183 

for blowing fan, 61 

for exhaust fan, 61 

valve, loi 
area, 100 
setting, loi 
Intercoolers, 90 

capacity, 93 

Nordberg, 92 

pressure, 93 

surface required, 93 

types, 92 

tubes, 92 

with separator, 92 
Internal energy changes, 6 

or intrinsic energy of air, 7 
computation of, 16 

Jaeger, C. H., 118 
Jaeger's turbo-blower, 119 
patent impeller, 120 



Kennedy blowing engine valve, 105 
Kowalke, O. L., 191 
Krahnass, A., 131 

Labyrinth bushing, 120 
Law, Boyle's, 10 

of Charles, 10 
Leakage past turbo-stages, 120 
Lecture by H. deB. Parsons on fans, 

41-68 
Lever compensation, 83, 84 
Leyner air reheater, 177 
Liquors, concentration of, 34 
Logarithms, common, 184-186 

Naperian, 188-190 
Loss of capacity due to clearance, 79 

of head due to friction in ducts, 47 
Losses of blower, 81 

of hydraulic compression, 138 
Low pressures, compressors, 38 
Lubricating compressors, 182 

Marks and Davis condensed steam 

tables, 193-198 
Measurement of compressed air, 160- 
171 

of draft, 43 

of large quantities of air, 166 
Measuring vacuums, 27 
Mechanical eflSciency, 81 

valve of Corliss type, 104 

valves, 98 
Mechanically operated discharge 

valve, 100 
Mechanics of the fan, 52 
Mercurial air pump, 26 
Meter comparisons, 170 

test results, 171 
Methods of reducing clearance, 71 
Mines and Minerals, 144 
Mixing blower, 127 
Mode of conducting tests, 147 
Modern form of Pi tot tube, 162 
Moisture precipitated from air, 3 
Mt. Cenis tunnel, VIII 
Multi-stage compression, 97 

advantages, 90 

Naperian logarithms, 188-190 
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Net eflficiency, 8i 

Nordberg compressor test, 144 

governor, 1 09-1 10 

intercooler, 92 

Mfg. Co., 109 
Norwalk compressor, 84 

regulator, 108 
Notation of symbols for fan formulae, 

47 
Numerical value of R, 10 

Orifice, flow of gas in, 45, 46 
Oxygen in air, i 

in hydraulic compressed air, 137 

Parsons, H. deB., 41-68 
blower, 114 
blades, 115 
Partial pressures, 198 
Peele, Robert, 140 

Perfect gas, characteristic equation, 
10 
intercooling, 93 
Peripheral speed of fans, 62, 67 
Phenomena of hydraulic air compres- 
sion, 137 
Pipe couplers, 172, 173 

formulae, constants, 174, 175 
lines, 1 7 1- 1 76 
line formulae, 173 
losses, ducts, 48 
Piston, balancing, 123 

-balanced turbo-compressor, 122 
compression, hydraulic, 72 
three-stage diagram, 116 
compressor action, 70 
cross-section, 69 
details, 98-112 
compressors, 69-77 
controlled by multiplicator, 126 
-inlet valve, 102, 108 
Pitot tube, 161, 162 
Pounds of water precipitated per cu. 

ft. cooled air, 3 
Power, 5 

available, 179 

consumed by rotary and piston 

compressors, 52 
for rotary blowers, 51 



Pressures, blower, 50 

oz. per sq. in. in water head to 

inches, 44 
used for various stages, 90 
water column in inches to oz. 
per sq. in., 44 
Proper receiver pressure for multi- 
stage compression, 96 
Propeller fan, 58 
Proportions of fans and housing, 41, 61 

of rotary blowers, 50 
Psychrometers, 192 
Pump, dry air condenser, 26 
Pumps, condenser, 26-30 

R, numerical value, lo- 

Radial wheel fan, 58 

Railway and Engineering Review, 130 

Rand Imperial unloader, iii 

Rateau blower, 114 

multiplicator, 125 

turbo-compressor, 128 
Ratio of air cylinder to low-pressure 
steam cylinder, 29 

of air cylinder to volume of con- 
densed steam, 29 

of port to cylinder area, 100 
Real specific heat, 8 
Receiver aftercoolers, 159 

intercoolers, 92 

capacity, 160 
Receivers, 159 
Regulator, belt, 105, 107 

and governor combined, 109 

Norwalk, 108 
Regulators and unloading devices. 

Relation between altitude and volume, 

141 
specific heats, 10 
Relations between P, v and T for 

adiabatic and exponentla 

changes, 16 
Relative humidity, 192 
Restricted discharge, 42 
Results of meter tests, 171 

of tests, 148 
Richards, Frank, 175 
Right-angle bend resistance, 49 
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Robinson, S. W., 163 
Rotary blowing machines, 49 
blowers, proportions, 50 
Rooms, air required, 40 
Rowse, S. W., 200 
Runners, 119 

Salt evaporating effects, 32 

Sangster, Wm., 39 

Schmidt, Henry F., 81 

Sectional view of Thomas electric 

meter, 168 
Selection of air compressors, 179-182 
Semi-mechanical valves, 103 
Shape of fan blades, 58, 61, 66, 67 
Simple form of Pitot tube, 161 
Single-stage compression, horse-power 

required, 74 
Sirocco double inlet fan, 68 
Size and type of compressor, 181 

of water and air pumps, 28 
Sketch of meters placed tandem for 

testing, 170 
Sommeiller's compressor, IX 
South work blowing engine valve, 104 
Specific heat, 7 

apparent, and real, 8 
at constant pressure, 7 
at constant volume, 7 
at various pressures and tem- 
peratures, 8 

volume of water vapor, 193-198 
Speed of fans, 58, 62, 67 

of turbo-compressors, 113 
Sperr, F. W., 136 
Sprengle air pump, 26 
St. John's meter, 166 
Standards of measurement, 160 
Steam cylinder size, 30 
Steel plate fans, 61, 64 
Straight line compressor, 84 
Stuffing boxes, 123 
Suction line, 73 
Surface of intercoolers, 93 
Sullivan air reheater, 177 

Mch. Co., 177, 181 
Summary of tests, 157 
Syphon, 37 

bulk head, 131 



Taylor, Charles H., 133 
compressor, 133 
efficiency, 134 
at Ainsworth, B. C, 135 
at Magog, Quebec, 134 
at Victoria mine Michigan, 136 
Temperature, 5 
absolute, 5 
Temperatures due to adiabatic com- 
pression, 22, 23 
Test curves, Jaeger's turbo-blower, 1 24 
of hydraulic compressor, 136 
of plant No. i, 148-151 
of plant No. 2, 151- 154 
of plant No. 3, 154-156 
of plant No. 4, 156-157 
Tests, mode of conducting, 147 
Thomas, C. C, 160 
meter, 168 
diagram, 169 
Three-quarter housed steel plate fan, 

64 
Tightness between stages, 1 20 
Towl, Forrest, M., 160, 171 
Trompe, 129 

True volumetric efficiency, 80 
Turbine blast or Sirocco fan, 67 
Turbo-blower coupling arrangements, 

125 

of 25,000 CU. ft., 121 

of 140,000 CU. ft. capacity, 128 
Turbo-compressor cooling, 115 

design, 113 

diagram, 116 

for mixing air and gas, 1 28 

Jaeger's, 119 

Parson's, 114 
Turbo-compressors, 1 1 3- 1 28 
Two-stage compressor cards, 147 
Types of blading, 68 

U. S. "Navy pump, 30 

Uncovering port to release clearance 

pressure, 71 
Unloader, clearance, no, 112 

Rand Imperial, in 
Unloading devices, no 
Uses of air at low pressures, 38 
Usual velocity in ducts, 47 
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Vacuum cleaners, 36 

concentration of liquors, 34, 35 

manufacture of salt, 32 

measurement, 27 
Valve area, 100 

of discharge, loi 

gear, 179 

in cylinder head, 102 

mechanical, 98 

poppet, loi 

piston-inlet, 102 

setting, 1 01 

semi-mechanical, 103 
Valves, area of inlet, 100 

automatic, 100 

classification, 98 

cleaning, 182 
Vapor in air, i 
Velocity, coefl&cient of, 43 

of air through ports, loi 

meters, 161 
Ventilation, air required, 39, 40 
Venturi meter, 167 

vacuum pump, 26 
Volumetric efficiency, 77 
apparent, 77 
true, 80 

meters, 160 

Water, air in, 29 



Water-cooled turbo-compressor, 117, 

118 
Water measurements, hydraulic com- 
pressor tests, 137 
percipitated from compressed air, 

3 
present in saturated air, 2, 55 

required for intercooler, 94 

Webb, Richard, L., 146 

Weight compensation, ^^ 
of air, 10 

Westinghouse air pump, 85 
governor, 106 

Wet air pump, 27 

displacement meter, 160 
and dry compression, 74 

Weymouth, Thos. R., 164 

Wheeler combined pump, 27 
condenser pump, 28 

Work, 5 

done by a compressor, 23 
of adiabatic change, 15 
of exponential change, 14 
of isothermal change, 12 
required to move a volume of gas 
56 

Zero, absolute, 6 

Zur Nedden, Franz, 81, 113 
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